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FOREWORD 


This  report  summarizes  research  conducted  under  USAF  Contract  No.  04  (611)- 
10532  from  March  1,  1965,  to  March  11,  1968.  The  contract  was  established  under  Air 
Force  Program  Structure  No.  750G,  AFSC  Project  No.  6753,  AFSC  Task  No.  675304. 
The  work  was  performed  by  the  Battelle  Memorial  Institute  Columbus  Laboratories  for 
the  Air  Force  Rocket  Propulsion  Laboratory,  Research  and  Technology  Division,  Ed¬ 
wards  Air  Force  Base,  with  Capt,  John  L.  Feldman  and  Messrs.  A.  D'Arcangelo  and 
Roy  A.  Silver  serving  as  contract  monitors.  The  principal  contributors  to  the  report 
were:  Dr.  L.  E.  Hulbert,  Division  Chief;  Dr.  H.  J.  Grover,  Senior  Fellow;  Dr.  R.  E. 
Keith,  Associate  Fellow;  Dr.  J.  C.  Gerdeen,  E.  C.  Rodabaugli,  and  J.  D.  Jackson, 
Senior  Research  Engineers,  Dr.  J.  F.  Lestingi,  Research  Engineer;  and  T.  M.  Trainer, 
Program  Manager. 

This  technical  report  has  been  reviewed  and  is  approved. 


John  L.  Feldman 
Capt.  ,  USAF 
Project  Engineer 


ABSTRACT 


A  3-year  program  was  conducted  to  establish  analytical  design  procedures, 
stress-analysis  methods,  techniques  for  manufacturing  control,  and  other  factors  essen¬ 
tial  to  the  successful  design  and  fabrication  of  metallic  bellows  and  diaphragms.  These 
objectives  were  accomplished  through  the  identification  of  parameters  pertinent  to  bel¬ 
lows  and  diaphragm  design  and  fabrication,  the  development  of  improved  stress - 
analysis  and  buckling-analysis  procedures  utilizing  a  digital  computer,  the  investigation 
of  selected  aspects  of  corrosion,  and  the  laboratory  verification  of  theoretically  pre¬ 
dicted  performance  characteristics  such  as  spring  rate,  effective  area,  vibration  re¬ 
sponse,  and  fatigue  life  for  representative  formed  and  welded  bellows  and  diaphragms. 
Extensive  theoretical  and  experimental  information  is  presented  in  the  report  as  well 
as  guidelines  to  assist  in  the  analysis  and  design  of  bellows  and  diaphragms. 
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ABBREVIATIONS  AND  SYMBOLS  APPEARING  IN  REPORT  BODY* 


F  Axial  force  on  bellows,  lb 

N 0  Meridional  membrane  resultant  force,  Ib/in. 

Q  Effective  shear  resultant  force  in  direction  normal  to  the  shell,  lb/in. 

<t>  Angle  between  normal  to  bellows  surface  and  its  axis  of  revolution,  deg 

r  Radial  distance  from  bellows  axis  to  a  point  on  the  bellows,  in. 

k  Bellows  spring  rate,  Ib/in, 

L0  Length  of  bellows  included  in  mathematical  model  used  for  analysis,  in. 
Lc  Total  live  length  of  bellows,  in. 

£  Assumed  axial  deflection  imposed  on  mathematical  model  of  bellows,  in. 

A  Effective  area  of  bellows  or  diaphragm,  sq.  in. 

p  Internal  pressure  in  bellows,  psi 

R  Effective  radius  or  average  radius  of  the  bellows  or  diaphragm,  in. 

D  Lateral  bending  stiffness  of  a  bellows,  lb-in.  ?• 

E  Modulus  of  elasticity,  psi 

I  Moment  of  inertia  of  the  bellows  cross  section,  in. * 

R0,  Rj  Outside  and  inside  radii  of  bellows  or  diaphragm,  in, 
a  Correction  factor  for  Seide  bending  formula  for  bellows 

Op  Total  bending  stress,  psi 

Op  Stress  due  to  pressure,  psi 

0^  Stress  due  to  axial  deflection,  psi 

Oj^j  Additional  stress  caused  by  sidewise  buckling  of  bellows,  psi 
d  Nominal  bellows  diameter,  in. 

h  Bellows  thickness,  in. 

fn  Natural  frequency  of  bellows  accordion  vibration  mode,  cps 

g  Acceleration  rate  due  to  gravity,  m./sec2 

fL  Natural  frequency  of  bellows  bending  vibration  mode,  cps 
Wm  Weight  of  vibrating  bellows,  lb, 

•Individual  listings  of  abbreviations  and  symbols  have  been  prepared  for  each  Appendix,  where  applicable. 
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INTRODUCTION 


The  Air  Force  Rocket  Propulsion  Laboratory  has  a  primary  responsibility  of  pro¬ 
viding  advanced  technology  for  rocket  propulsion  systems  through  exploratory  develop¬ 
ment  programs.  As  a  part  of  this  mission,  improvements  in  the  performance  and 
reliability  of  fluid-system  components  (valves  and  regulators)  are  being  pursued  vigor¬ 
ously.  This  is  being  accomplished  by  investigations  into  individual  component  parts  or 
modules,  i,e.,  seals,  fittings,  seats,  poppets,  and  actuators. 

The  Air  Force  Rocket  Propulsion  Laboratory  initiated  a  contract  with  the  Battelle 
Memorial  Institute  Columbus  Laboratories  to  investigate  analytical  design  procedures, 
scress-analysis  methods,  techniques  for  manufacturing  control,  and  other  factors  es¬ 
sential  to  the  successful  design  and  fabrication  of  bellows  and  diaphragms. 

The  initial  phase  of  the  program  involved  a  literature  and  industry  survey  to  deter¬ 
mine  the  present  state  of  the  art  of  bellows  and  diaphragms.  Technical  Report  No, 
AFRPL-TR -65-2 1 5  (AD479056)  was  prepared  to  summarize  the  results  of  the  survey 
and  present  recommendations  for  activities  during  the  remainder  of  the  program.  The 
first  half  of  the  program  was  summarized  in  Technical  Report  No.  AFRPL-TR-66-181 
(AD801842),  The  following  report  summarizes  the  entire  program.  Because  of  the 
scarcity  of  theoretical  and  experimental  information  on  bellows  and  diaphragms,  an 
attempt  has  been  made  to  prepare  a  reference  that  will  be  useful  to  manufacturers, 
users,  and  government  agencies  responsible  for  the  purchase  of  bellows  and  diaphragms. 
Detailed  data  from  all  phases  of  the  program  have  been  included,  and  guidelines  have 
been  prepared  to  assist  in  the  analysis  and  design  of  bellows  and  diaphragms. 

The  report  is  divided  into  two  major  parts.  The  first  part  (the  report  body)  sum¬ 
marizes  in  essentially  narrative  form  the  principal  features  of  bellows  and  diaphragms, 
their  primary  performance  characteristics,  and  the  major  associated  manufacturing 
aspects.  The  second  part  (the  Appendixes)  gives  detailed  summaries  of  the  investiga¬ 
tions  conducted  during  the  program.  Although  discussions  of  the  data  have  been  pre¬ 
pared,  further  study  of  the  data  by  the  reader  will  undoubtedly  yield  additional  insight  and 
understanding. 
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DESCRIPTIONS  OF  BELLOWS  AND  DIAPHRAGMS 


Bellows  and  diaphragms  are  thin  elements  whose  deflection  characteristics-  are 
utilized  to  provide  movement  in  the  structure  of  fluid  systems.  Generally,  these  items 
are  used  when  the  need  for  motion  is  combined  with  the  need  for  a  hermetic  seal. 

Bellows  and  diaphragms  are  made  in  many  sizes  and  shapes  from  a  variety  of  ma¬ 
terials.  This  program  has  been  concerned  with  the  types  of  metallic  bellows  and  dia¬ 
phragms  used  in  aerospace  tubing  systems,  and  in  components  such  as  valves  and  regu¬ 
lators.  By  mutual  agreement  with  the  Air  Force,  consideration  has  been  given  solely 
to  configurations  operated  either  totally  or  largely  within  the  elastic  state.  Thus,  no 
work  has  been  done  with  bellows  and  diaphragms  used  as  expulsion  devices. 

This  report  section  summarizes  the  principal  types  of  metallic  bellows  and  dia¬ 
phragms  of  interest,  and  describes  typical  assemblies  and  applications.  Because  some 
confusion  exists  as  to  terminology,  an  attempt  has  been  made  to  use  terms  which  are 
consistent  with  current  practice  and  clarity. 


Bellows  Convolutions 


Most  metallic  bellows  are  cylindrical  elements  which  contain  annular  circumfer¬ 
ential  corrugations.  In  flexible  hose,  the  corrugations  may  be  formed  in  a  continuous 
helix..  Some  bellows  are  not  cylindrical  but  have  elliptical  or  other  noncircular  cross 
sections.  However,  these  shapes  are  sufficiently  unusual  that  they  have  not  been  in¬ 
cluded  in  the  program. 

Bellows  are  generally  classified  according  to  one  of  the  four  primary  methods  of 
manufacture,  i.e.  (1)  formed,  (2)  welded,  (3)  deposited,  or  (4)  machined.  Within  these 
classifications,  the  bellows  are  usually  categorized  according  to  the  appearance  of  the 
convolution  cross  section,  as  shown  in  Table  1. 


Formed  Bellows 


Formed  bellows  are  usually  made  from  butt-welded  tubing  that  has  been  fabricated 
from  sheet  metal  with  closely  controlled  thickness.;  Formed  bellows  constitute  at  least 
75  percent  of  the  bellows  which  are  manufactured.  They  can  be  produced  in  many  mate¬ 
rials  and  sizes,  and  at  a  cost  much  lower  than  that  for  other  types  of  bellows.  Diameters 
up  to  4  feet  can  be  obtained,  and  one  manufacturer  advertises  diameters  up  to  50  feet. 

In  comparison  with  welded  bellows  (see  below),  formed  bellows  have  a  higher  spring  rate 
and  require  more  ductile  materials.  However,  because  of  the  absence  of  circum¬ 
ferential  welds,  they  are  more  reliable  than  welded  bellows. 

Although  Table  1  shows  only  single-ply  configurations,  most  formed  bellows  can 
be  made  with  multiple  plies.  Three-  and  four-ply  bellows  are  common.  Multiple  plies 
are  used  to  provide  a  greater  resistance  to  pressure  and  a  lower  spring  rate  than  would 
be  obtained  with  a  single  ply  equal  in  thickness  to  the  total  thickness  of  the  multiple  plies. 
The  major  types  of  formed  bellows  are  described  briefly. 
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TABLE  1.  MAJOR  BELLOWS  CONVOLUTIONS  AND  CHARACTERISTICS 


Convolution 

Shape 

Axial 

Spring  Rate 

Long  Stroke 
Capability 

Resistance 
to  Diff. 
Pressure 

FORMED 

Semitoroidal 

_/\n_ 

Very  high 

Very  poor 

Very  good 

U-shaped 

Medium 

Fair 

Fair 

U-shaped,  ext.  ring 
support 

j(WV 

High 

Fair 

Very  good 

U-shaped,  int.  ring 
support 

AfUV 

High 

Fair 

Very  good 

U-shaped,  ext.  T-ring 
support 

gum 

High 

Fair 

Very  good 

S- shaped 

Medium 

Fair 

Fair 

S- shaped,  ext.  ring 
support 

High 

Fair 

Very  good 

Toroidal,  ext,  pressure 

Don. 

Very  high 

Poor 

Excellent 

Toroidal,  int.  pressure 

~uuu 

Very  high 

Poor 

Excellent 

■Vi  3)  •!  *J  ^  •■■■Hi 

Mft'ffgBiffiljiBaEi 

1 1 1  hi 

Flat 

AWA 

Medium 

Fair 

Good 

Stepped 

mm 

Low 

Good 

Fair 

Single  sweep 

MM 

Medium 

Good 

Good 

Nested  ripple 

HI 

Very  low 

Excellent 

Poor 

DEPOSITED 

U-shaped  (can  be  varied) 

JUUl 

Low 

Good 

Fair 

MACHINED 

Rectangular 

High 

Fair 

Excellent 

. 
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Semitoroidal,  Semitoroidal  bellows  are  attractive  for  materials  with  relatively 
low  ductility..  The  form  also  offers  good  pressure  capability  and  stability.  The  con¬ 
volutions  may  be  truly  semicircular,  elliptical,  or  some  combination  of  curves.  A  low 
deflection  capability  per  convolution  and  a  high  spring  rate  are  major  limitations  of  this 
configuration. 


U-Shaped.  When  flat  sections  are  placed  between  the  semitoroidal  sections,  a 
U-shaped,  or  flat-plate,  bellows  configuration  is  formed.  Over  50  percent  of  all  the 
bellows  are  of  this  type.  The  shape  is  amenable  to  any  of  the  methods  for  manufacturing 
formed  bellows,  a  variety  of  performance  characteristics  can  be  achieved  by  varying  the 
radii  and  depth  of  convolution,  and  supporting  devices  are  easily  installed  externally  or 
internally. 


S- Shaped.  The  S-shaped  bellows  is  similar  to  the  U-shaped  bellows.  By  slanting 
the  straight  sections  between  the  semitoroidal  sections,  or  by  connecting  the  semi¬ 
toroidal  sections  with  curved  sections,  it  is  possible  to  form  more  convolutions  and  thus 
achieve  more  deflection  per  unit  length.  The  S-shaped  bellows  is  not  as  easy  to  manu¬ 
facture  and  not  as  amenable  to  the  use  of  supporting  devices  as  the  U-shaped  bellows. 


Toroidal.  Toroidal  bellows  have  been  developed  to  reduce  the  pres  sure -induced 
stresses  in  the  bellows.  By  using  a  shape  which  is  essentially  circular,  the  effects  of 
pressure  are  more  evenly  distributed  along  the  convolution.  In  addition,  the  stresses  in 
the  convolution  are  less  affected  by  an  increase  in  bellows  diameter  than  is  the  case  with 
the  other  convolution  shapes.  The  Marquette  Coppersmithing  Company  claims  that  their 
OMEGA  shape  distributes  the  stresses  more  evenly  than  a  true  toroidal  bellows.  Zallea 
Brothers  advertise  a  HyPTor,  or  modified  toroidal  shape  which  is  satisfactory  for  inter¬ 
mediate  pressures  and  is  more  flexible  than  a  true  toroidal  shape.  Although  the  toroidal 
bellows  permit  high  operating  pressures,  they  are  more  difficult  to  manufacture  than 
the  other  formed  bellows  and  have  a  high  spring  rate. 


Rippled-Sidewall,  Rippled- sidewall  bellows  are  formed  bellows  that  have  convolu¬ 
tion  shapes  similar  to  those  of  welded  bellows.  These  bellows  are  relatively  new  and 
the  manufacturing  methods  are  still  being  improved.  The  bellows  are  almost  as  compact 
as  welded  bellows  and  are  less  expensive.  The  fatigue  life  of  rippled- sidewall  bellows 
is  more  predictable  than  that  for  welded  bellows  because  of  the  absence  of  circumferential 
welds,  If  very  ductile  materials  are  used,  rippled- sidewall  bellows  can  be  made  with  low 
spring  rates..  However,  some  rippled- sidewall  bellows  have  spring  rates  as  high  as  or 
higher  than  those  for  formed  bellows.  It  is  difficult  to  summarize  the  characteristics 
associated  with  this  new  type  of  bellows,  and  performance  data  must  be  obtained  from 
each  manufacturer. 


Welded  Bellows 


Approximately  20  percent  of  the  manufactured  bellows  have  welded  convolutions. 
Welded  bellows  are  made  up  of  shaped  diaphragms  which  are  alternately  welded  together 
at  the  inner  and  outer  diameters.  Although  they  are  more  expensive  to  manufacture 
than  formed  bellows,  welded  bellows  offer  three  significant  advantages  o/er  formed 
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bellows:  (1)  a  wider  choice  of  materials,  (2)  more  deflection  per  unit  length,  resulting 
in  shorter  assemblies  or  longer  strokes,  and  (3)  a  wider  choice  of  performance  char¬ 
acteristics  because  of  a  greater  variety  of  convolute  dimensions  and  shapes.  A  few 
companies  offer  a  two-ply  welded  bellows,  but  most  welded  bellows  have  a  single  ply. 

In  general,  welded  bellows  are  available  in  sizes  from  1/2  inch  to  7  inches  outside 
diameter.  Bellows  in  excess  of  12  inches  in  diameter  have  been  produced. 

Table  1  summarizes  the  major  types  of  welded  convolutions,  and  their  primary 
characteristics.  Most  welded  bellows  are  of  the  nested- ripple  configuration  because 
this  design  makes  maximum  use  of  the  advantages  of  low  spring  rate  and  compactness,. 
However,  the  other  configurations  have  attractive  characteristics  for  certain  applica¬ 
tions,  Despite  the  impressive  welding  techniques  that  have  been  developed  by  the  manu¬ 
facturers  of  welded  bellows,  the  large  amount  of  welding  required  (approximately 
18  inches  per  convolution  in  a  3-inch-OD  bellows)  makes  fatigue  failure  less  predictable 
for  welded  bellows  than  for  other  types  of  bellows. 


Deposited  Bellowp 


Two  kinds  of  deposited  bellows  are  commercially  available:,  chemically  deposited 
and  electrodeposited.  Both  methods  can  be  used  to  produce  any  shape  that  can  be  de¬ 
posited  on  a  machined  mandrel.  In  each  method  an  aluminum  mandrel  is  machined  for 
each  bellows,  and  after  the  bellows  material  is  deposited,  the  mandrel  is  dissolved. 

The  primary  advantages  of  the  processes  are  the  ability  to  produce:  (1)  very  thin-walled 
bellows,  (2)  bellows  having  no  welds,  (3)  very  small  bellows,  and  (4)  special  shaped 
bellows.  Chemically  deposited  bellows  can  be  made  with  wall  thicknesses  from  0,0003 
inch  to  0,005  inch,  and  with  diameters  from  0,  060  inch  to  12  inches.  Electrodeposited 
or  electroplated  bellows  are  usually  produced  in  nickel  or  nickel-cobalt  alloy.  Sizes  are 
available  from  0.  063  inch  to  1,250  inches  in  diameter,  with  wall  thicknesses  varying 
from  0.  0003  inch  to  0.  006  inch. 


Machined  Bellows 


Machined  bellows  are  turned  or  ground  from  bar  stock,  tubing,  or  forged  rings  of 
most  materials  used  in  other  types  of  metallic  bellows,  as  well  as  of  materials  not  found 
in  sheet  stock.  High-strength,  high-endurance,  heat-treatable  tool  steels,  in  addition  to 
high-strength,  low-modulus  titanium  alloys  can  be  used.  The  design  of  machined  bellows 
is  customized,  with  most  machined  bellows  having  high  spring  rates.  Machined  bellows 
have  been  made  from  1/4  inch  to  60  inches  in  diameter,  for  pressures  as  high  as 
12,  000  psi. 


Bellows  Assemblies 


Although  bellows  can  be  used  in  an  extremely  wide  variety  of  ways,  certain  types 
of  assemblies  have  become  relatively  common.  In  general,  these  assemblies,  some  of 
which  are  shown  in  Figure  1,  prevent  certain  types  of  motion  and  limit  other  types  of 
motion. 
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External  Gimbal  Assembly- 


Universal  Assembly 


(Permission  has  been  granted  to  use  the  above  reproductions  by  the 
Aeroquip  Corporation/Marman  Division,  Los  Angeles,  California) 


FIGURE  1..  TYPICAL  BELLOWS  ASSEMBLIES 

6 


Braided 


Bellows  can  bi  distorted  by  internal  pressure  in  a  manner  referred  to  as  "squirm". 
When  squirm  occurs,  the  bellows  deflects  as  a  column,  causing  plastic  distortion  in  one 
or  more  convolutions.  Metal  braiding  is  commonly  used  to  provide  external  support  for 
such  bellows  and  to  protect  the  bellows  from  external  damage.  This  configuration  is 
most  common  in  flexible  metal  hoses.  Braiding  may  cause  abrasion  of  the  bellows  and  it 
may  accelerate  corrosion  of  the  bellows. 


Sleeve 


A  bellov.s  may  be  provided  with  an  internal  sleeve  to  reduce  fluid- scrubbing  con¬ 
tact  with  the  bellows.  Such  contact  can  cause  flow  losses,  abrasion,  noise,  and  flow- 
induced  vibration  which  can  lead  to  early  failure.  The  length  of  the  internal  sleeve  can 
also  be  used  to  limit  the  amount  of  axial  compression  of  the  bellows. 


Slide 


A  slide  assembly  is  similar  to  a  sleeve  assembly  except  that  telescoping  sleeves 
provide  axial  guiding  and  prevent  squirm,  Slide  assemblies  are  attractive  for  systems 
subjected  to  high  surge  pressures  and  temperatures. 


Universal 


A  universal  assembly  contains  two  bellows  joined  by  a  common  connector  for  the 
purpose  of  absorbing  any  combination  of  the  three  basic  movements,  i.  e.  ,  axial  deflec¬ 
tion,  lateral  deflection,  and  angular  deflection.  Limit  rods  are  often  used  to  distribute 
the  movement  between  the  two  bellows  and  to  stabilize  the  common  connector.  This 
configuration  can  tolerate  more  lateral  deflection  or  offset  than  one  bellows  equal  in 
length  to  the  two  bellows. 


Internally  Linked 


Internally  linked  assemblies  utilize  struts  inside  the  bellows  in  the  flow  stream  to 
limit  movement  in  all  directions.  Such  assemblies  are  simple,  compact,  and  lightweight, 
but  they  introduce  significant  flow  losses.. 


Hinged 


A  hinged  bellows  is  designed  to  permit  angular  deflection  in  one  plane  only  by  the 
use  of  a  pair  of  pins  through  hinge  plates  attached  to  the  ends.  The  hinges  and  hinge 
pins  must  be  designed  to  resist  external  forces  and  thrust  due  to  internal  pressure. 


Gimbaled 


Gimbaled  bellows  assemblies  provide  for  angular  deflection  in  any  direction  from 
the  tubing  axis..  Internal  or  external  gimbals  can  be  used.  They  are  made  with  two 
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sets  of  hinge  plates  attached  to  a  gimbal  ring  and  function  in  a  manner  similar  to  a 
universal  joint. 


Pressure  Balanced 


A  pressure-balanced  bellows  assembly  is  designed  to  absorb  axial  movement  and/ 
or  lateral  deflection  while  absorbing  the  end  thrust  by  means  of  tie  devices  interconnect¬ 
ing  the  flow  bellows  with  an  opposed  bellows  also  subjected  to  line  pressure.  This  type 
of  assembly  is  normally  used  where  a  change  of  direction  occurs  in  a  run  of  tubing. 


Bellows  Applications 


Bellows  are  used  primarily  in  two  ways:  (1)  as  motion  compensators  and  (2)  as 
calibrated  transducers.  Typical  applications  are  discussed  briefly. 


Expansion  Joints 

Many  bellows  are  used  as  expansion  joints  to  compensate  for  movement  occurring 
in  tubing  as  a  result  of  temperature  changes  and/or  external  loading.  With  the  wide 
variety  of  tubing  systems,  movement  can  be  transmitted  to  a  bellows  as  compression, 
extension,  offset,  rotation,  or  combinations  of  these  motions.  Many  of  the  "standard" 
bellows  assemblies  were  developed  to  compensate  for  thermal  changes  in  industrial  tub¬ 
ing  and  piping  systems. 


Flexible  Connecters 

Bellows  are  often  used  to  compensate  for  structural  deflections,  misalignment, 
and  tolerance  accumulation.  Thes»  'unctions  may  be  fulfilled  by  a  short,  plain  bellows 
or  by  relatively  iong,  flexible  metal  hoses  with  metal  braiding  or  other  types  of  ex¬ 
terior  covering. 


Pressure  and  Temperature  Sensors 

One  of  the  most  common  uses  for  bellows  is  the  actuation  of  some  device  as  a  func¬ 
tion  of  a  change  in  the  pressure  or  temperature  of  a  fluid  system.  The  fluid  may  be  ex¬ 
ternal  or  internal  to  the  bellows.  For  temperature  sensing,  the  bellows  system  often 
incorporates  a  liquid  whose  vapor  pressure  reflects  the  temperature  being  sensed.  The 
vapor  pressure  is  then  used  to  actuate  the  bellows.  When  the  bellows  moves  in  response 
to  pressure  changes,  the  movement  is  utilized  to  actuate  a  device  such  as  a  valve  or 
switch.  Because  the  bellows  responds  very  quickly  to  changes,  the  movement  can  be 
used  both  as  a  proportioning  Signal  and  an  on-off  signal.  Diaphragms  and  Bourdon  tubes 
are  also  used  extensively  for  these  functions. 
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Reciprocating  Shaft  Seals 


Although  most  reciprocating  shafts  are  sealed  with  some  kind  of  packing,  increas¬ 
ingly  stringent  operating  requirements  have  resulted  in  the  wider  use  of  bellows  for 
sealing.  In  a  number  of  aerospace  valve  configurations,  formed  and  welded  bellows  have 
been  utilized  to  provide:  (1)  hermetic  sealing  in  the  closed  position,  (2)  opening  forces 
(from  controlled  pressure  differentials),  and  (3)  closing  forces  (from  the  spring  rate  of 
the  bellows).  The  use  of  metallic  bellows  makes  possible  the  provision  of  these  features 
over  a  wide  temperature  range  for  a  variety  of  corrosive  and  reactive  fluids. 


End- Face  Seals 


The  ability  of  a  bellows  to  provide  sealing  and  to  act  as  a  spring  ani  motion  com¬ 
pensator  makes  it  ideal  as  a  means  of  pressing  face  seals  together  on  rotating  shafts. 
Because  of  their  compact  construction  and  low  spring  rate,  welded  bellows  are  com¬ 
monly  used  in  face-seal  assemblies. 


Hydraulic  Motors  and  Actuators 


For  small  power  requirements,  particularly  for  remote  operation,  bellows  can  be 
used  for  converting  mechanical  work  to  hydraulic  work  or  for  converting  hydraulic  work 
to  mechanical  work.  For  example,  a  liquid-filled  system  may  consist  of  two  bellows 
connected  b>  tubing.  The  movement  of  one  bellows  causes  movement  of  the  other 
bellows. 


Vibration  Dampeners 


Just  as  springs  with  frictional  elements  for  energy  adsorption  are  used  as  vibra¬ 
tion  dampeners  in  mechanical  systems,  bellows  may  be  used  as  vibration  dampeners 
for  fluid -containing  structures.  Because  the  bellows  itself  responds  to  certain  vibration 
frequencies,  care  must  be  taken  to  assure  that  the  bellows  is  not  excited  by  the  fre¬ 
quencies  transmitted  from  the  system  structure. 


Accumulators  and  Shock  Absorbers 


In  a  hydraulic  system,  a  bellows  can  function  as  a  flexible  container  to  maintain 
oil  flow  or  to  absorb  surge  pressures.  The  primary  requirements  are  long  stroke, 
resistance  to  high  differential  pressure,  and  quick  response, 


Volume  Compensators 


For  liquid  systems  of  small  volume,  bellows  furnish  an  attractive  means  of  com¬ 
pensating  for  fluid  expansion  or  contraction  Hermetically  sealed  floated  instruments 
such  as  gyros  and  accelerometers  are  typical  applications. 
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Flexible  Couplings 


Although  bellows  are  not  usually  designed  to  transmit  torsional  loads,  bellows 
have  been  found  to  be  attractive  for  transmitting  small  torques,  particularly  for 
instrumentation-type  equipment.  The  bellows  can  tolerate  some  misalignment  and  the 
torsional  stiffness  of  the  bellows  insures  accurate  rotational  transmission.  Bellows- 
type  flexible  couplings  are  available  for  shafts  up  to  1/2  inch  in  diameter. 


Di  phragm  Configurations 


A  diaphragm  is  a  thin  disk-like  element  which  deflects  in  a  direction  substantially 
perpendicular  to  its  flexible  surface.  Metallic  diaphragms  are  classified  as  flat,  or 
nearly  flat,  and  corrugated.  They  are  used  primarily  as  actuators  to  transform  pressure 
into  linear  motion  and  force.  Corrugated  diaphragms  are  preferred  for  aerospace  com¬ 
ponents  such  as  valves  and  regulators  because  their  average  sensitivity  over  a  large 
range  of  pressure  is  greater  than  that  of  flat  diaphragms  of  the  same  size,  their  zero- 
position  under  no-load  is  more  stable,  much  larger  deflections  can  be  obtained  without 
permanent  deformation,  and  a  variety  of  pres  sure -deflection  characteiistics  may  be  ob¬ 
tained  for  a  given  size  diaphragm  by  using  different  depths  or  shapes  of  corrugations. 

This  report  is  concerned  only  with  corrugated  diaphragms. 

In  contrast  with  the  variety  of  information  on  bellows  sizes  and  shapes  contained  in 
the  open  literature  and  listed  in  catalogs,  little  information  is  available  on  commercially 
available  corrugated  diaphragms.  The  most  complete  discussion  of  possible  diaphragm 
configurations  and  their  performance  characteristics  is  contained  in  a  publication  by 
Newell^ 

In  general,  the  work  reported  by  Newell^)  and  by  Wildhack,  et  al.  , '^)  shows  that 
increasing  the  number  of  corrugations  increases  the  initial  flexibility  as  well  as  the 
average  flexibility  over  the  usable  range,  although  diaphragms  with  more  corrugations 
may  be  more  nonlinear.  Diaphragms  with  shallower  corrugations  exhibit  better  initial 
flexibilities  within  limits,  but  at  the  expense  of  decreasing  the  linear  range.  According 
to  Wildhack,  et  al. ,  (2)  diaphragms  made  with  triangular  and  trapezoidal  shapes  provide 
linear  force-deflection  characteristics  for  deflections  up  to  at  least  2  percent  of  the 
diameter,  with  the  trapezoidal  shape  being  slightly  stiffer  and  the  triangular  shape  being 
slightly  more  flexible  than  the  corresponding  diaphragm  with  the  same  number  of  circu¬ 
lar  corrugations.  Although  empirical  relationships  have  been  developed,  the  design  of 
corrugated  diaphragms  is  reported  to  be  largely  a  process  ox  trial  and  error. 

According  to  a  survey  by  Giannini  Controls,^  corrugated  diaphragms  are  manu¬ 
factured  in  sizes  from  0.  875  to  6,0  inches  in  diameter,  and  are  usually  joined  together 
in  pairs  to  form  a  capsule.  j.’hey  can  be  used  to  sense  pressures  from  0.  5  to  400  psi; 
however,  the  majority  of  units  are  used  to  sense  pressures  from  5  to  100  psi,  and  most 
units  are  less  than  2.  5  inches  in  diameter.  Most  diaphragms  will  not  be  more  than 
1  percent  nonlinear  if  the  displacement  is  kept  below  2  percent  of  the  diameter.  If  non¬ 
linearity  of  more  than  1  percent  is  acceptable,  displacements  up  to  5  or  6  percent  can 
be  obtained. 


Inferences  are  given  on  page  73. 
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Diaphragm  Applications 


The  publication  by  Newell(l)  lists  15  major  and  several  minor  application  classifi¬ 
cations  for  corrugated  diaphragms.  The  most  important  applications  from  the  stand¬ 
point  of  this  program  are:  (1)  pressure  and  .  amperature  sensors,  (2)  reciprocating 
shaft  seals,  and  (3)  volume  compensators..  Since  these  applications  have  been  discussed 
previously  for  bellows,  they  will  not  be  repeated.  It  should  be  noted  that  the  primary 
advantages  of  diaphragms  as  compared  with  bellows  are  greater  sensitivity  and  more 
compact  shape  for  some  components.;  Low  deflection  and  low  pressure  capability  are 
the  primary  limitations  of  diaphragms,  although  the  pressure  capability  is  often  in¬ 
creased  by  the  use  of  supporting  springs  and  stops., 


1 1 


PERFORMANCE  CHARACTERISTICS  OF 
BELLOWS  AND  DIAPHRAGMS 


Bellows  and  diaphragms  are  usually  used  to  provide  motion  in  some  part  of  a 
liquid  or  gaseous  system  while  maintaining  .a  hermetic  seal  between  the  system  and  its 
environment.  In  such  applications,  a  bellows  or  a  diaphragm  may  be  subjected  to  dif¬ 
ferent  combinations  of  pressure  and  deflection  loading.  When  the  application  is  that  of 
a  calibrated  transducer  in  an  instrument,  the  primary  characteristics  of  the  bellows  or 
diaphragm  which  determine  satisfactory  performance  are:  spring  rate,  effective  area, 
effective  volume,  and  those  material  characteristics  which  cause  changes  in  reading, 
such  as  hysteresis,  inelasticity,  creep,  etc.  When  the  application  is  that  of  a  motion 
compensator,  the  primary  bellows  and  diaphragm  performance  characteristics  are 
spring  rate,  effective  area,  buckling  pressure,  fatigue  life,  corrosion  resistance,  and 
vibration  response.  When  a  bellows  is  used  in  a  tubing  system,  flow  losses  and  flow- 
induced  vibration  are  also  important  characteristics.  Motion  compen.  tion  was  of 
primary  interest  to  this  program,  and  the  associated  performance  characteristics  are 
discussed  in  this  report  section.  For  completeness,  brief  comments  are  also  included 
concerning  the  characteristics  associated  with  instrument  applications. 

To  obtain  reliable  estimates  of  most  bellows  characteristics,  a  basic  requirement 
is  the  accurate  prediction  of  the  stresses  and  strains  at  each  point  of  the  bellows  under 
the  given  loading  conditions.  Most  manufacturers  have  developed  approximate  pro¬ 
cedures  for  predicting  maximum  stresses  and  strains  in  their  standard  bellow  lines. 
These  procedures  are  based  on  beam  or  plate  theory  or,  in  some  instances,  on  simpli¬ 
fied  shell  theory.  The  application  of  such  procedures  usually  includes  provision  for 
empirical  correction  factors  which  have  been  determined  from  tests  on  sample  bellows. 
Once  these  formulas  have  been  established  experimentally,  they  can  be  utilized  in  the 
design  of  similar  bellows.  However,  these  procedures  do  not  give  detailed  stress  calcu¬ 
lations  in  all  parts  of  the  bellows,  and  each  empirically  established  formula  is  applicable 
only  to  bellows  very  similar  to  the  ones  tested. 

One  of  the  principal  objectives  of  the  current  research  was  the  development  of  a 
unified  procedure  for  accurately  predicting  the  detailed  stresses  and  deflections  in 
bellows  and  diaphragms  of  any  cross-sectional  shape.  Because  of  the  complex  shape  of 
many  types  of  bellows  and  diaphragms,  it  became  clear  early  in  the  study  that  a  com¬ 
puter  program  would  be  required  as  part  of  the  procedure. 

After  considerable  investigation,  it  was  decided  that  the  most  useful  available  com¬ 
puter  program  was  one  developed  by  Dr,  A,  Kalnins  of  Lehigh  University  (formerly  of 
Yale  University).  A  modification  of  this  computer  program,  called  MOLSA,  was  used  in 
the  early  part  of  the  research.  Later,  MOLSA  was  replaced  by  a  computer  program 
NONLIN,  which  was  developed  by  Dr.  J.  F.  Lestingi*.  Program  NONLIN  provided  for 
the  analysis  of  the  geometrically  nonlinear  elastic  deformations  of  bellows  and  dia¬ 
phragms,  as  well  as  for  the  analysis  of  linear  deformations  as  accomplished  by  MOLSA, 
A  discussion  of  the  selection  and  evaluation  of  the  computer  programs  is  given  in 
Appendix  A.  Appendix  B  gives  a  detailed  description  of  the  computing  program  NONLIN. 
It  is  believed  that  program  NONLIN  will  become  a  standard  tool  for  estimating  stresses 
and  strains  in  bellows  and  diaphragms. 


Mow  at  the  University  of  Akron 
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Appendixes  D,  E,  F,  G,  and  H  give  detailed  results  of  the  theoretical  analyses  of 
typical  formed  and  welded  bellows,  and  a  comparison  of  these  analyses  with  experi¬ 
mental  results.  These  investigations  are  summarized  here. 


Stresses  in  Bellows  and  Diaphragms 


Program  MOLSA  was  first  evaluated  through  comparisons  of  computer  results 
with  theoretical  and  experimental  results  for  bellows  and  diaphragms  reported  in  the 
literature.  These  comparisons  demonstrated  the  general  applicability  and  reliability 
of  the  computing  program,  To  evaluate  MOLSA  and  NONLIN  in  more  detail,  a  major 
part  of  the  research  consisted  of:  (1)  formulating  a  procedure  that  yielded  accurate 
mathematical  models  of  formed  and  welded  bellows  and  of  diaphragms,  (2)  utilizing 
these  mathematical  models  in  the  computing  program  to  obtain  predictions  of  stresses 
and  strains  in  representative  bellows  or  diaphragms  under  typical  loads,  and  (3)  com¬ 
paring  these  predictions  with  experimentally  determined  stresses  and  strains. 

After  some  investigation,  it  was  determined  that  no  nondestructive  method  would 
provide  sufficiently  accurate  dimensions  for  the  mathematical  model.  The  method 
finally  adopted  involved  encapsulating  the  bellows  or  diaphragm,  sectioning  it  along  a 
diameter,  polishing  the  sectioned  specimen,  and  measuring  the  required  dimensions  with 
a  traveling  microscope.  Each  specimen  chosen  for  encapsulation  was  one  of  several  that 
were  made  at  the  same  time  with  the  same  set  of  dies,  so  that  the  specimens  of  each  lot 
were  very  similar.  It  was  believed  that  the  predicted  stresses  and  strains  based  on  the 
analysis  of  the  mathematical  model  of  the  encapsulated  specimen  could  be  used  to  pre¬ 
dict  the  stresses  and  strains  in  other  specimens  of  the  same  lot. 

To  check  the  analytically  predicted  stresses,  1/64-inch  strain  gages  were  mounted 
on  one  specimen  of  each  lot.  For  formed  bellows,  gages  were  mounted  on  the  outside 
sv’rface  of  selected  bellows  crowns  and  on  the  inside  surface  of  selected  bellows  roots. 

On  welded  bellows,  the  strain  gages  could  be  mounted  only  on  the  bellows  flats  near  the 
crown  weld.  On  the  diaphragm,  it  was  possible  to  mount  strain  gages  at  several  radial 
positions.  Appendix  Q  contains  a  detailed  description  of  the  placement  of  the  gages,  of 
the  conduct  of  the  tests,  and  of  the  methods  used  to  select  representative  measured 
strains  for  calculating  experimentally  determined  stresses. 


Stresses  in  Formed  Bellows 


Analysis  of  Stresses  !.n  Formed  Bellows.  In  order  to  test  the  general  applicability 
of  the  analysis  procedure  for  formed  bellows,  it  was  decided  to  test  formed  bellows  in 
three  sizes  and  two  materials.  Type  347  stainless  steel  bellows  were  obtained  with  in¬ 
side  diameters  of  1  inch,  3  inches,  and  5  inches.  Bellows  made  from  Inconel  718  were 
obtained  with  inside  diameters  of  1  inch  and  3  inches.  The  configurations  were  analyzed 
utilizing  the  computing  program  NONLIN  as  applied  to  mathematical  models  obtained 
from  careful  measurement  of  encapsulated  specimens.  The  stresses  and  strains  ob¬ 
tained  from  these  analyses  were  compared  with  strains  measured  by  strain  gages  on  a 
convolution  near  the  center  of  each  strain-gaged  bellows. 

Table  2  shows  a  comparison  of  the  theoretically  calculated  and  experimentally 
determined  stresses  in  the  different  formed  bellows  loaded  by  internal  pressure  and  by 


13 


TABLE  2.  THEORETICAL  AND  EXPERIMENTAL  STRESSES  FOR  TYPICAL  FORMED  BELLOWS 
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(a)  Plus  values  indicate  tensile  stresses;  minus  values  indicate  compcessive  stresses. 

(b)  These  values  ate  similar  to  the  meridional  values  became  of  the  method  of  calculating  the  experimental  circumferential  stresses  at  the  convolution  root 
circumferential  strain  gages  were  used  at  this  location. 

(c)  Strain  gages  could  not  be  placed  on  the  convolution  toot  of  this  bellows. 


axial  compression.  This  comparison  shows  excellent  agreement  between  the  theoretical 
and  experimental  stresses  for  the  3-  and  5-inch  bellows,  and  somewhat  poorer  agree¬ 
ment  for  the  1-inch  Inconel  and  the  1-inch  stainless  steel  bellows.-  All  stresses  for  the 
larger  bellows  agreed  within  15  percent  except  for  one  measurement  on  the  3-inch 
Inconel  bellows.  For  the  1-inch  bellows,  the  theoretical  meridional  stresses  (which 
were  the  largest  stresses)  agreed  with  the  experimental  stresses  to  within  30  percent. 

The  source  of  error  was  not  determined.  Since  it  was  believed  that  the  resolution  of 
this  discrepancy  would  require  a  considerable  effort,  and  since  the  theoretical  predic¬ 
tions  for  the  small  bellows  were  always  conservative,  it  was  decided  to  postpone  further 
investigation  of  this  problem.  However,  computer  programs  are  now  being  developed 
for  the  analysis  of  3-d’mensional  bodies  of  revolution  (as  opposed  to  shells  of  revolution). 
It  is  believed  that  the  use  of  these  programs  will  permit  investigation  of  the  applicability 
of  the  theory  of  thin  shells  to  the  analysis  of  bellows  in  which  there  are  limited  sections 
with  small  radius -to -thickness  ratios. 

As  described  in  Appendix  Q,  data  from  only  two  meridional  strain  gages  were  used 
to  calculate  the  experimental  values  of  the  crown  meridional  stresses  on  the  middle  con¬ 
volution.  A  further  check  on  the  theoretical  predictions  of  the  stresses  at  the  crown  was 
made  by  comparing  the  theoretical  meridional  crown  strain  with  the  strains  measured 
by  all  five  of  the  meridional  crown  gages  that  were  used  on  each  bellows.  The  results 
of  this  comparison  are  summarized  in  Table  3.  This  table  lists  the  theroetically  pre¬ 
dicted  crown  strains  for  internal  pressure  and  axial  compression,  the  representative 
strains  as  obtained  from  the  two  crown  gageb  used  to  determine  the  representative 
stresses  reported  in  Table  2,  the  largest  strains  and  the  smallest  strains  measured  at 
one  or  the  other  of  the  five  gages,  and  the  overall  average  of  the  strains  of  all  five  gages. . 
Both  internal  pressure  and  axial  deflection  are  included.  An  examination  of  Table  3 
leads  to  the  following  conclusions:.  (1)  in  almost  every  case  the  averaged  value  of  the 
strains  for  the  five  gages  was  closer  to  the  theoretical  value  than  the  average  of  the  two 
gages  used  earlier,  (2)  there  was  considerable  improvement  in  the  correlation  between 
the  theoretical  predictions  and  measured  strains  for  both  1 -inch  bellows,  and  (3)  except 
for  the  maximum  deflection  strain  measured  in  the  3-inch  Inconel  bellows,  all  measured 
strains  were  either  very  close  to  or  were  less  than  the  theoretically  predicted  strains. 

It  is  believed  that  the  correlation  between  the  theoretical  and  experimental  results 
reported  here  gives  impressive  evidence  of  the  accuracy  and  applicability  of  the  analysis 
procedure  in  predicting  stresses  and  strains  in  formed  bellows. 


Discussion  of  Stresses  in  Formed  Bellows.  Formed  bellows  are  used  in  systems 
that  must  be  subjected  to  relatively  high  pressures  and  in  applications  where  relatively 
high  spring  rates  and  small  axial  deflections  can  be  tolerated.  The  formed  bellows  de¬ 
signed  for  a  given  application  is  always  a  compromise  between  a  deep  U-shaped  bellows 
with  larger  deflection  capability  and  a  shallow  convolution  semitoroidal-type  bellows 
with  more  pressure  capability..  Within  the  constraints  imposed  by  spring-rate  require¬ 
ments  and  minimum  buckling  loads,  the  selected  bellows  should  have  the  lowest  maxi¬ 
mum  stresses  under  the  most  severe  combinations  of  the  operating  pressure  and 
deflection. 

In  selecting  the  best  formed  bellows  configuration,  the  parametric  studies  of 
formed  bellows  discussed  in  Appendix  D  will  be  helpful.-  As  shown  in  Appendix  D,  the 
deflection  and  pressure  stress  patterns  vary  greatly,  depending  on  the  general  bellows 
configuration.  Because  the  pressure  and  deflection  stresses  are  combined  algebraically, 
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TABLE  3.  THEORETICAL  AND  EXPERIMENTAL  STRAINS  FOR  CONVOLUTION 
CROWNS  OF  TYPICAL  FORMED  BELLOWS 
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the  parametric  curves  in  Appendix  D  can  be  used  to  estimate  the  best  approximate  con¬ 
figuration  for  each  application.  To  determine  the  pressure  and  deflection  stresses 
accurately  in  the  final  bellows  configuration,  however,  it  is  necessary  to  calculate  the 
stresses  for  the  exact  bellows  dimensions.  This  can  be  readily  accomplished  with  the 
computing  program  NONLIN. 


Stresses  in  Welded  Bellows 


Analysis  of  Stresses  in  Welded  Bellows.  The  procedures  for  the  theoretical  and 
experimental  stress  analysis  of  welded  bellows  are  generally  the  same  as  for  the 
formed  bellows.  A  comparison  of  the  theoretically  predicted  and  experimentally  deter¬ 
mined  stresses  for  four  typical  welded  bellows  made  of  two  representative  materials  is 
given  in  Table  4.  A  review  of  Table  4  shows  fair  agreement  between  the  theoretical  and 
experimental  stresses.  This  agreement  is  significant  since  the  strain  gages  were  placed 
in  tegions  where  the  stresses  were  varying  rapidly  so  that  the  stresses  measured  by 
the  gages  were  affected  considerably  by  the  location  of  the  strain  gages.  Moreover,  the 
comparison  between  the  experimental  and  theoretical  stresses  depended  upon  the  deter¬ 
mination  of  the  radial  location  of  each  strain  gage. 

Although  the  data  accumulated  for  the  welded  bellows  were  not  as  extensive  as  that 
obtained  for  formed  bellows,  it  is  believed  that  the  applicability  of  the  theoretical- 
analysis  procedure  to  welded  bellows  has  been  demonstrated,. 


Discussion  of  Stresses  in  Welded  Bellows.  Welded  bellows  are  used  in  applications 
involving  moderate  pressures  and  large  axial  movement  at  low  spring  rates.  In  con¬ 
trast  to  formed  bellows,  the  maximum  pressure  and  deflection  stresses  in  welded  bel¬ 
lows  of  standard  design  always  occur  near  the  root  and  crown  welds.  This  is  extremely 
undesirable  since  it  means  that  the  maximum  stresses  occur  in  a  notched  heat-affected 
zone.  The  change  in  section  resulting  from  the  weld  bead  also  represents  a  possible 
source  of  stress  concentration.. 

One  of  the  most  significant  results  of  thif  research  program  has  been  the  dis¬ 
covery  that  it  is  possible  to  redesign  nested-ripple  welded  bellows  so  that  the  stresses 
near  the  crown  and  root  welds  are  virtually  eliminated.  This  design  change  involves 
tilting  the  bellows  flats  with  respect  to  the  axis  of  the  bellows.  Appendix  D  gives  a  dis¬ 
cussion  of  an  investigation  of  the  optimum  tilt  angle  for  two  bellows  configurations. 

These  results  show  that  ( 1)  it  is  possible  to  find  a  tilt  angle  for  the  flats  that  achieves 
dramatic  reduction  in  the  stresses  in  the  weld  areas  for  both  axial  deflection  and  pres¬ 
sure  loading  and  (2)  tilting  the  flats  raises  the  spring  rate  by  less  than  20  percent. 

By  reducing  the  stresses  near  the  welds,  so  that  the  maximum  stresses  occur 
away  from  the  weld  areas  and  in  an  area  where  the  metal  has  the  properties  of  the 
original  sheet  material,  the  fatigue  life  of  welded  bellows  should  be  significantly  im¬ 
proved,  It  is  believed  that  this  slight  design  change  alone  should  result  in  a  major  im¬ 
provement  in  the  operating  characteristics  of  welded  bellows  if  optimum  tilted  flat  con¬ 
figurations  can  be  found  for  most  types  of  welded  bellows  convolution  shapes. 
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TABLE  4.  THEORETICAL  AND  EXPERIMENTAL  STRESSES  FOR  TYPICAL  WELDED  BELLOWS 
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values  indicate  tensile  stresses;  minus  values  indicate  compressive  stresses. 


Stresses  in  Diaphragms 


Analysis  of  Stresses  in  a  Diaphragm.  The  diaphragm  used  for  this  study  was  a 
4-inch  convoluted  diaphragm  made  of  stainless  steel.  In  contrast  to  the  bellows,  the 
diaphragm  configuration  allowed  placement  of  strain  gages  at  several  positions.  This 
permitted  a  far  more  detailed  comparison  of  the  theoretical  and  experimental  stresses 
than  was  possible  for  the  different  bellows.  The  stress  analysis  of  the  diaphragm  under 
upward  and  downward  axial  deflection  of  the  hub  and  under  pressure  loading  is  discussed 
in  detail  in  Appendix  I,  The  comparison  of  the  theoretical  and  experimental  stresses  in 
the  diaphragm  under  the  different  loading  conditions  is  shown  in  Figures  1-18  through 
1-20.  These  figures  demonstrate  the  impressive  accuracy  of  the  theoretical  analysis 
tech-j-que  in  predicting  stresses  and  strains  in  corrugated  shells. 


Discussion  of  Stresses  in  Diaphragms.  Diaphragms  have  a  wide  application  in 
pressure-measuring  instruments  and  other  systems  where  maximum  sensitivity  to 
change  in  pressure  is  desired.  Corrugations  have  been  added  to  diaphragms  to  increase 
their  flexibility.  When  flexible  corrugated  diaphragms  undergo  large  deflections  of 
several  times  the  thickness,  they  exhibit  highly  nonlinear  behavior.  This  means  that 
deflections  and  stresses  cannot  be  accurately  predicted  with  linear  theory,  but  nonlinear 
theory  must  be  used.  Accurate  nonlinear  calculations  are  now  possible  with  the  use  of 
computer  program  NONLIN,  although  the  accuracy  does  decrease  as  the  degree  of  non¬ 
linearity  increases.  There  were  insufficient  funds  on  the  program  to  investigate  this 
relationship  in  detail. 

For  the  4-inch  diaphragms  analyzed  during  this  research  program,  it  was  found 
that  the  stresses  were  high  near  the  outside  edge,  but  highest  near  the  inside  edge 
adjacent  to  the  hub.  It  was  also  found  that  care  had  to  be  taken  in  superimposing  stresses 
from  pressure  and  from  central  hub  loading,  because  the  nonlinear  response  was  differ¬ 
ent  for  the  individual  loadings  than  for  the  combined  loadings.  For  example,  upward 
pressure  loading  and  downward  deflection  loading  of  the  hub  produced  maximum  stresses 
of  the  same  sign  near  the  hub..  Simple  addition  of  stresses  from  the  individual  loadings 
gave  a  total  stress  which  was  appreciably  different  from  the  actual  total  stress  under 
combined  loading.  Even  though  individual  results  may  be  fairly  linear,  combined  load¬ 
ings  can  result  in  nonlinear  response  due  to  higher  combined  deflection.  Computer  pro¬ 
gram  NONLIN  can  be  used  for  combined  loadings  as  well,  and  such  a  calculation  should 
be  made  if  combined  deflections  are  expected  to  be  large. 

Very  large  deflection  loading  of  the  4-inch  diaphragm  produced  fatigue  failures  at 
an  inner  convolution.  This  was  probably  a  result  of  geometrical  nonlinearity  causing 
the  location  of  maximum  stress  to  shift  from  the  hub  to  an  inner  convolution.  It  has  not 
been  determined  whether  NONLIN  can  be  used  for  this  degree  of  nonlinearity. 


Spring  Rates  of  Bellows  and  Diaphragms 


The  spring  rate  of  a  bellows  or  diaphragm  can  be  defined  as  the  average  axial 
force  necessary  to  deflect  the  bellows  or  diaphragm  a  unit  distance,  or  as  the  ratio  of 
a  given  axial  force  to  the  axial  deflection  caused  by  that  force.  The  former  value  is 
usually  supplied  by  the  manufacturer.  However,  since  many  bellows  and  diaphragms 
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exhibit  some  spring-rate  nonlinearity  even  in  the  "linear"  region,  the  value  for  the 
latter  calculation  may  be  different  from  that  for  the  former  calculation.  (For  example, 
see  Tables  G-3  and  G-4  of  Appendix  G.  ) 

Spring  rate  is  one  of  the  important  characteristics  needed  for  the  selection  of 
bellows  and  diaphragms.  Although  it  is  quite  easy  to  measure  the  spring  rate  of  a 
bellows  or  diaphragm,  this  has  always  been  one  of  the  most  difficult  characteristics  to 
predict  accurately.  The  primary  reason  for  this  difficulty  is  that  the  spring  rate  in 
essence  is  an  integration  of  the  stresses  in  all  parts  of  the  bellows  or  diaphragm.  Con¬ 
sequently,  measured  spring  rates  were  expected  to  be  a  sensitive  indication  of  the 
accuracy  of  the  stresses  calculated  using  the  compating  program  NONLIN,  It  was  found 
that,  in  almost  every  case,  the  theoretical  spring  rate  predicted  for  each  lot  of  experi¬ 
mental  bellows  was  within  the  range  of  experimentally  measured  spring  rates  for  that 
lot. 


The  spring  rate  of  an  analyzed  configuration  can  be  calculated  very  simply  from 
the  analyses  of  the  axial  deflection  cases..  In  an  analysis  of  a  bellows  or  diaphragm,  an 
assumed  axial  deflection,  <5,  is  imposed  on  one  end  of  the  theoretical  model.  Once  the 
stress  analysis  has  been  performed,  the  axial  force,  F,  required  to  produce  the  deflec¬ 
tion  6  is  found  from  the  formula 


F  =  27tr  (N0  sin  0  +  Q  cos  0) 


(1) 


where  N0  and  Q  are  the  meridional  and  transverse  resultant  forces  at  any  point  in  the 
bellows  or  diaphragm,  r  is  the  radius  of  the  point  from  the  centerline,  and  0  is  the  angle 
between  the  normal  to  the  shell  and  the  axis  at  the  point.  Although  this  formula  holds  at 
every  point,  it  is  obviously  more  convenient  to  use  at  some  point  where  0  is  0  deg  or 
90  deg,  that  is,  at  a  point  where  the  shell  is  either  normal  or  parallel  to  the  axis.  Once 
F  has  been  determined,  the  spring  rate,  k,  of  the  bellows  is  calculated  from  the  formula 


k  = 


F  Lr 


&  L„ 


(2) 


where  L0  is  the  axial  length  of  the  mathematical  model,  and  Lc  is  the  live  length  of  the 
actual  bellows.  For  a  convoluted  diaphragm,  the  spring  rate  is  simply  given  by 


k  =  F/6  , 

since  the  mathematical  model  on  which  the  analysis  is  based  is  the  same  as  the  actual 
diaphragm. 


The  experimental  determination  of  the  spring  rate  is  made  by  observing  the  incre¬ 
ments  of  bellows  cr  diaphragm  deflection  caused  by  increments  of  axial  force. 


Comparison  of  Theoretical  and  Experimental 
Spring  Rates  for  Bellows 


Table  5  shows  the  measured  spring  rates  for  the  formed  bellows  test  specimens, 
the  average  spring  rate  for  each  bellows  type,  and  the  theoretical  spring  rate  calculated 
from  each  bellows  model.  In  every  case  the  predicted  spring  rate  was  within  10  percent 
of  the  averaged  measured  spring  rate.  Table  6  shows  a  similar  comparison  between  the 


20 


TABLE  5.  THEORETICAL  AND  EXPERIMENTAL  SPRING  RATES  FOR  TYPICAL  FORMED  BELLOWS 
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Experimental  Avg  134  140  137 

Theoretical  Avg  -  -  140 


TABLE  6.  THEORETICAL  AND  EXPERIMENTAL  STRING  RATES  FOR  TYPICAL  WELDED  BELLOWS 
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theoretical  and  experimental  values  of  the  spring  rates  for  welded  bellows.  The  the¬ 
oretical  spring  rates  for  the  welded  bellows  were  calculated  from  a  nonlinear  deflection 
calculation.  Although  the  agreement  between  the  theory  and  experiment  is  not  as 
striking  for  welded  as  for  formed  bellows,  it  is  still  very  good. 

Some  appreciation  of  the  variation  in  bellows  behavior  introduced  by  the  welding 
in  welded  bellows  can  be  gained  by  comparing  the  compressive-extension  spring-rate 
relationships  for  formed  and  welded  bellows.  In  formed  bellows,  the  absolute  spring- 
rate  values  varied,  but  the  extension  spring  rate  was  almost  always  the  higher  value. 
Within  a  given  lot  of  welded  bellows,  at  least  one  or  two  bellows  departed  from  the 
pattern  relationship  established  by  the  majority  of  the  lot.  The  variations  in  welded 
bellows  spring  rates  can  also  be  large.  For  example,  compare  the  compression  spring 
rates  of  JD134  (60  lb/in.)  and  JD141  (95  lb/in.),  and  the  compression  spring  rate  of 
JD135  (62  lb/in.)  with  the  extension  spring  rate  of  JD135  (85  lb/in.).  It  is  apparent  that, 
for  critical  applications,  the  spring  rates  of  each  welded  bellows  must  be  determined 
experimentally. 


Comparison  of  the  Theoretical  and  Experimental 
Spring  Rates  for  Diaphragms 

Table  1-7  compares  the  theoretical  and  experimental  spring  rates  for  a  convoluted 
diaphragm.  It  is  seen  from  this  table  that  the  calculated  spring  rates  were  somewhat 
higher  than  the  experimentally  measured  spring  rates.  It  is  believed  that  this  was 
caused  primarily  by  differences  in  shape  between  the  diaphragm  on  which  the  spring 
rate  was  measured  and  the  diaphragm  used  to  construct  the  mathematical  model.  Dif¬ 
ferences  in  shape  in  diaphragm  convolutions  might  have  a  cumulative  effect  on  the  spring 
rate  of  the  diaphragm,  while  differences  in  the  convolutions  of  bellows  tend  to  average 
out.  It  was  shown  in  Appendix  I  that  there  was  a  significant  chance  that  the  diaphragm 
could  interact  with  the  hub  as  well  as  with  the  rim  when  it  was  deflected  downward,  and 
that  this  interaction  could  have  a  significant  effect  on  the  spring  rate.  However,  it  was 
not  determined  whether  this  had  any  bearing  on  the  discrepancy  between  the  measured 
and  experimental  spring  rates. 


Effective  Area  of  Bellows  and  Diaphragms 

The  effective  area  of  a  bellows  or  a  diaphragm  is  a  measure  of  the  axial  force 
caused  by  internal  or  external  pressure.  If  a  bellows  loaded  by  a  pressure,  p,  is  re¬ 
strained  by  an  axial  force,  F,  so  that  its  length  under  pressure  equals  the  free  length, 
then  the  effective  area  of  the  bellows  is  given  as: 

A  =  F/p  . 

The  effective  area  of  a  pressurized  diaphragm  held  to  its  free  position  by  an  axial  force 
on  the  hub  is  determined  by  the  same  formula. 

The  theoretical  prediction  of  the  effective  area  of  either  a  bellows  or  a  diaphragm 
is  calculated  quite  easily  from  the  analysis  of  the  pressure-loaded  and  axially  restrained 
bellows  or  diaphragm.  The  axial  force  for  the  diaphragm  is  obtained  from  the  formula: 

F  =  27Tr  jQ  +  7rr02p  ,  (3) 

where  rQ  is  the  radius  of  the  hub  and  Q  is  the  transverse  shear  at  the  edge  of  the  hub. 

In  a  bellows  the  axial  force  is  determined  from  the  formula: 
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(4) 


2 

F  =  27TrQ  (Q  cos  0  -  N <p  sin  0)  +  7Tr0  p  , 

where  Q  and  are  the  transverse  and  meridional  stress  resultants,  rQ  is  the  radius  to 
the  point  at  which  Q  and  are  determined  and  0  is  the  angle  between  the  normal  to  the 
bellows  surface  at  this  point  and  the  bellows  axis.  While  this  formula  holds  at  any  point 
of  the  bellows,  it  is  most  convenient  to  use  at  a  point  where  0  is  0  or  90  deg.  Both  N <p 
and  Q  are  printed  out  by  program  NONLIN  at  each  point  of  the  bellows  or  diaphragm  to 
facilitate  this  calculation. 

Appendix  D  describes  the  parametric  stress  analysis  of  24  formed  bellows.  Effec¬ 
tive  areas  were  calculated  from  analysis  of  each  of  these  bellows  under  pressure  loads. 
In  every  case  the  effective  area  was  given  to  within  1-1/2  percent  by  the  formula 
A  =  71112^  where  2R  is  the  average  of  the  OD  and  ID  of  each  bellows. 

Comparisons  of  the  experimentally  determined  and  theoretically  calculated  effec¬ 
tive  areas  for  the  formed-  and  welded-beilcwo  test  specimens  are  given  in  Table  7. 

The  agreement  between  these  results  is  good. 

The  theoretical  effective  area  for  the  diaphragm  JD161  was  7.  55  in. .2  while  the 
effective  measured  effective  area  of  Diaphragm  JD190  was  7.  72  inA 


TABLE  7.  THEORETICAL  AND  EXPERIMENTAL  EFFECTIVE  AREAS  FOR 
TYPICAL  FORMED  AND  WELDED  BELLOWS 


Theoretical 

Experimental 

Bellows  Size 

Bellows 

Effective  Area, 

Bellows 

Effective  Area, 

and  Type 

No. 

sq  in. 

No. 

sq  in. 

Formed  Bellows 


5-inch  stainless  steel 

JD92 

22.3 

JD88 

21.0 

3-inch  stainless  steel 

JD68 

8.62 

JD69 

8.66 

1-inch  stainless  steel 

JD29 

1.05 

JD28 

1.06 

3-ir.eh  Inconel  718 

JD124 

8.41 

JD122 

8. 33 

1-inch  Inconel  718 

JD117 

0.98 

JD110 

0.96 

Welded  Bellows 

3-inch  stainless  steel 

JD136 

8.10 

JD131 

8.25 

1-inch  stainless  steel 

JD171 

1,37 

JD167 

1  26 

3-1/2-inch  AM-350 

JD158 

7.85 

JD155 

7.32 

1-inch  AM-350 

JD150 

1.30 

JD143 

1.27 

Elastic  Buckling  and  Plastic  Collapse 
of  Bellows  and  Diaphragms 


The  thin-wall  construction  of  bellows  and  diaphragms  makes  them  particularly  sus¬ 
ceptible  to  overstressing  and  excessive  deformation  due  to  pressure.  Although  bellows 
manufacturers  usually  provide  pressure  ratings  for  each  bellows,  standard  rating  defini¬ 
tions  have  not  been  established  and  the  detailed  procedures  and  calculations  used  to 
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determine  the  pressure  ratings  are  often  not  available.  More  importantly,  it  has  been 
established  in  the  current  research  program  that  a  bellows  may  be  overstressed  at  low 
pressures  and  small  deflections  because  of  elastic  buckling  (partial  squirm).  Further, 
when  combined  with  compression,  internal  pressures  that  are  less  than  the  maximum 
rated  operating  pressure  may  cause  plastic  collapse  of  the  bellows  (squirm)  within  the 
maximum  deflection  rating.  Thus  the  response  of  bellows  to  internal  pressure  is  an 
important  consideration  in  their  design. 


Elastic  Buckling  of  Bellows 


As  far  as  is  known,  the  problem  of  elastic  sidewise  beam-column  buckling,  or 
partial  squirm,  is  appreciated  by  few,  if  any,  bellows  designers,  and  estimates  of 
stresses  resulting  from  elastic  buckling  cannot  presently  be  obtained  from  bellows  manu¬ 
facturers.  However,  as  discussed  in  Appendix  J,  such  stresses  can  be  estimated  if: 

(1)  The  lateral  bending  stiffness  D,  lb-in.  ^  is  calculated  using  the  analysis 
procedure  described  in  Appendix  B 

(2)  Imperfections  in  the  bellows  are  included  in  the  analysis. 


Calculation  of  Lateral  Bending  Stiffness,  D.  The  buckling  strength  of  a  bellows  as 
a  beam  column  is  proportional  to  its  lateral  bending  stiffness,  D.  D  is  comparable  to 
El  for  conventional  beams,  where  E  =  modulus  of  elasticity,  psi,  and  I  =  moment  of 
inertia,  in.  4.  Theoretical  calculations  and  experimental  measurements  of  D  are  shown 
in  Table  8  for  typical  bellows  analyzed  in  this  research  program.  The  bending  stiffnesses 
increase  with  the  nominal  diameter,  and  are  much  lower  for  welded  bellows  than  for 
formed  bellows,  The  experimental  values  in  Table  8  are  average  values  for  each  bel¬ 
lows  lot.  The  specific  values  of  D  showed  some  variation  within  each  lot. 

In  the  literature,  the  lateral  bending  stiffness,  D,  of  a  bellows  has  been  related  to 
the  axial  spring  constant,  k,  by  the  Seide  formula: 

D  =  0,  500  k  R2  Lc  ,  (5) 


where 

R  +  R. 

R  =  - — -  =  average  bellows  radius 

Lc  =  total  live  convolution  length  of  bellows. 

The  factor  0.,  500,  which  is  exactly  correct  for  a  cylindrical  shell,  has  been  shown  in  this 
research  program  to  be  incorrect  for  some  bellows.  The  Seide  formula  has  been  re¬ 
written  with  a  factor  a;, 

D  =  akRZLc  ,  (6) 

Theoretical  and  average  experimental  values  of  a  are  shown  in  Table  9  for  typical  bel¬ 
lows.  The  experimental  range  of  a  for  all  sizes  of  formed  bellows  tested  was  0.  356  <.  >  <_ 
0.  643.  Thus,  1  =  0.  500  can  be  used  as  an  approximate  average  value  for  bellows,  but 
for  a  more  accurate  determination,  a  computer  calculation  should  be  made. 
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TABLE  8.  THEORETICAL  AND  EXPERIMENTAL  VALUES  OF  THE 
LATERAL  BENDING  STIFFNESS  D  FOR  TYPICAL 
FORMED  AND  WELDED  BELLOWS 


Nominal  Bellows 
Diam,  in. 

Number 
of  Plies 

Material 

Lateral  Bending  Stiffness,  D,  lb-in.  z 
Theoretical^4)  Experimental  Average 

Formed  Bellows 

1 

1 

321  SS 

13.8 

12.  2 

1 

1 

Inconel  718 

15.4 

16.4 

3 

1 

321  SS 

480.4 

586.  3 

3 

1 

Inconel  718 

-  - 

413.4 

3 

2 

321  SS 

960.  8 

1007.  3 

5 

1 

321  SS 

4507.  0 

4124. 0 

Welded  Bellows 

1-1/2 

1 

347  SS 

9.44 

6.  80 

1-1/2 

1 

AM-350 

12.83 

8.  02 

3 

1 

AM-350 

58.  50 

63.  5 

3-1/2 

1 

347  SS 

37.  90 

44.  5 

(a)  Calculated  using  the  analysis  procedure  described  In  Appendix  B. 


TABLE  9.  RELATION  BETWEEN  BENDING  STIFFNESS  D  AND 
SPRING  CONSTANT  k  FOR  TYPICAL  FORMED  AND 
WELDED  BELLOWS 


D 

Nominal  Bellows 

Number 

'  kRz  Lc 

Diam,  in. 

of  Plies 

Material 

Theoretical^4)  Experimental  Average 

Formed  Bellows 


1 

1 

321  SS 

0.  480 

0.434 

1 

1 

Inconel  718 

-- 

0.493 

3 

1 

321  SS 

0.  540 

0.  533 

3 

1 

Inconel  718 

-- 

0.  547 

3 

2 

321  SS 

0.  540 

0.  501 

5 

1 

321  SS 

0.  536 

0.  471 

Weldeci  Bellows 

1-1/2 

1 

347  SS 

0.  581 

0.  406 

1-1/2 

1 

AM-350 

0.  699 

0.  430 

3 

1 

AM-350 

0.  457 

0.  495 

3-1/2 

1 

347  SS 

0.  537 

0.  575 

iaj  Calculated  using  the  shell  computer  program  for  a  mathematical  model  of  an  encapsulated  and  cross-sectioned  specimen. 
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Calculation  of  Theoretical  Critical  Loading  Conditions.  With  the  bending  stiffness 
D  known,  the  Euler  critical  load  for  a  perfectly  straight  bellows  may  be  calculated  from 
the  formula:, 


P 


cr 


4rr2D 


(7) 


For  a  bellows  under  internal  pressure  and  axial  compression,  the  equivalent  axial  load 
Pcr  is  a  combination  of  a  pressure  force  and  a  compression  force  as  given  by  Equa¬ 
tion  (J-16)  in  Appendix  J.  Critical  internal  pressures  without  axial  compression  are 
given  in  Tables  J-23  and  J-24  for  typical  formed  bellows  and  typical  welded  bellows, 
respectively  If  the  bellows  were  perfectly  made,  these  would  be  the  conditions  that 
would  cause  gross  buckling,  or  squirm,  of  the  bellows. 


Calculation  of  Stresses  Caused  by  Elastic  Buckling.  Although  the  critical  buckling 
pressure  calculated  for  one  of  the  experimental  formed  bellows  was  more  than  330  psi, 
the  actual  bellows  tested  were  found  to  exhibit  detectable  sidewise  movement  at  pres¬ 
sures  of  less  than  80  psi.  The  reason  for  this  was  found  to  be  that  instead  of  being  per¬ 
fectly  straight,  the  bellows  were  actually  bowed  slightly,  so  that  they  had  the  appearance 
of  a  slightly  bent  beam,:  (Deviations  like  this  from  the  ideal  shape  are  usually  called 
"imperfections".,)  Because  of  this  imperfection,  internal  pressure  in  the  bellows  in¬ 
duced  a  bending  moment  that  tended  to  increase  the  bow,  and  the  bellows  began  to  de¬ 
form  sideways  from  the  onset  of  the  pressure  loading.  It  was  also  observed  that  the 
ends  of  many  of  the  test  bellows  had  a  sideways  offset  relative  to  each  other,  so  that  the 
bellows  had  a  slight  S-shape.  This  is  another  type  of  imperfection  that  will  lead  to  an 
early  sidewise  deformation  when  the  bellows  is  pressurized  internally.  Theoretically 
derived  curves  of  load  vs.  sideways  deflection  are  shown  in  Figure  J-8  for  two  types  of 
bowing  imperfections. 

The  sidewise  movement  of  a  bellows  introduces  additional  strains  and  stresses  in 
the  convolutions  of  the  bellows..  Thus,  the  total  stress  is: 

aT  =  ap  +  oA  +  aM  ,  (8) 

where  ap  and  aA  are  the  usual  axisymmetric  stresses  from  internal  pressure  p  (psi)  and 
compression  A  (in,  )  and  is  the  additional  asymmetric  stress  from  sidewise  bending 
of  the  bellows  due  to  beam-column  buckling.  As  shown  in  Appendix  J,  the  stress  can 
be  determined  from  computer  calculations  using  the  mathematical  model  of  the  bellows 
if  measurements  are  made  of  the  bellows  imperfections. 

At  the  inner  surface  of  an  inner  convolution  of  a  5-inch  bellows,  the  meridional 
stresses  were  calculated  to  be: 

CTp  =  40,  000  psi 

and 

aM  =  1  1,  500  psi 

for  p  =  78,6  psi  and  A  =0.0  in.  The  stress  value  11,  500  psi  corresponded  to  a  modest 
sidewise  deflection  of  0.  004  in.  Thus,  elastic  beam-column  buckling  of  a  bellows  may 
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result  in  an  appreciable  increase  in  stress  in  the  bellows.  If  this  stress  fluctuates  with 
the  other  fluctuating  stresses,  the  fatigue  life  of  the  bellows  may  be  significantly  re¬ 
duced.;  (In  the  fatigue  tests  conducted  during  this  research,  the  pressures  were  held 
constant,  so  this  type  of  stress  was  probably  not  a  factor  in  the  fatigue  failures. ) 


Plastic  Collapse  of  Bellows 

Plastic  collapse  of  a  bellows  results  in  gross  permanent  deformation  of  the 
bellows  which  makes  it  unfit  for  further  use.  At  the  limit  load  at  which  collapse  occurs, 
a  sufficiently  large  region  of  the  bellows  convolutions  becomes  wholly  plastic  so  that 
adjacent  elastic  or  elastic-plastic  regions  of  the  convolutions  no  longer  restrain  the 
plastic  region.  Whereas  initial  buckling  deflections  can  be  analyzed  using  elasticity 
theory,  the  terminal -collapse  state  necessitates  the  use  of  the  plasticity  theory.  Only 
axisymmetric  plastic  collapse  under  internal  pressure  was  considered  in  detail  during 
this  program.  However,  comments  are  included  on  nonsymmetric  plastic  collapse, 
i.  e. ,  the  permanent  squirm  which  results  when  the  elastic  beam-column  buckling  loads 
are  exceeded.  Comments  are  also  included  on  the  plastic  deformation  of  diaphragms. 


Axisymmetric  Plastic  Collapse.  The  elastic  solution  for  stresses  in  shells  has 
been  employed  by  Marcal  and  Turner^)  to  obtain  a  lower  bound  on  the  axisymmetric 
collapse  pressure  for  bellows.  As  a  first  approximation,  this  method  was  also  tried  in 
this  study.  The  method  consists  of  scaling  up  the  maximum  elastic  stress  state  at  a 
point  in  a  shell  to  the  plastic  collapse  value.  In  the  5 -inch  bellows  the  maximum  stress 
occurred  at  the  roots  of  the  convolutions  and  was  predominantly  a  bending  state  of  stress.. 
Scaling  up  the  corresponding  bending  moment  to  the  plastic  collapse  value  gave  a  plastic 
collapse  pressure  of  116  psi. 

Tests  with  these  bellows  showed  that  collapse  occurred  at  internal  pressures  of 
about  260  to  270  psi.  Even  if  allowance  was  made  for  strain  hardening  due  to  forming 
and  fatigue-test  cycling  at  the  root,  it  did  not  appear  that  this  accounted  for  the  larger 
observed  collapse  pressure  -  particularly  since  the  root  area  was  also  observed  to  re¬ 
main  relatively  rigid  at  collapse.  Thus,  use  of  the  elastic  solution  to  predict  lower 
bounds  based  upon  maximum  elastic  stress  did  not  provide  sufficient  accuracy. 

Marcal  and  Turner  had  much  better  success.  This  is  believed  to  be  due  to  two 
different  kinds  of  plastic  collapse  which  are  related  to  two  different  ranges  of  diameter- 
to-thickness  ratios.  The  diameter-to-thickness  ratio  for  the  5-inch  bellows  was 
d/h  =  5,0/0.010  =  500,  whereas  the  ratio  for  the  bellows  tested  by  Marcal  and  Turner 
ranged  from  8.  2  to  23,6.  It  is  reasoned  that  a  membrane  stress  state  predominates  at 
plastic  collapse  of  the  thin-walled  bellows  (d/h  =  500),  and  that  a  bending-stress  state 
predominates  at  plastic  collapse  of  thick-walled  bellows  (d/h  —  10). 

If  the  above  reasoning  is  correct,  then  the  maximum  membrane  stress  calculated 
elastically  should  result  in  a  better  prediction  of  the  collapse  pressure.  The  following 
method  was  tried:  the  membrane  stress  resultants  from  the  elastic  computer  solution 
were  taken  at  the  inflection  point  where  the  bending  moment  was  0,  and  were  scaled 
up  to  the  collapse  vaiue.  The  resulting  calculation  of  313  psi  was  quite  close  to  the  ex¬ 
perimental  values.  It  was  believed  that  this  was  as  close  an  approximation  as  could  be 
made  without  conducting  a  complete  detailed  theoretical-plastic  analysis,  which  was  be¬ 
yond  the  scope  of  the  present  program. 
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Theoretical  predictions  of  collapse  pressures  were  then  made  for  other  bellows. 
The  pressures  causing  axisymmetric  plastic  collapse  were  found  to  be  significantly 
higher  than  the  elastic  buckling  pressures..  Thus,  beam-column  buckling  will  be  the 
mode  of  failure,  unless  the  bellows  is  restrained,  e.g.,  by  a  housing,  guide  rods,  etc. 

An  interesting  use  of  restraint  has  been  reported  by  Newland^),  who  analyzed  the 
buckling  resistance  of  a  universal  expansion  joint.  Such  a  joint  incorporates  two  bellows 
joined  by  a  length  of  rigid  pipe.  He  has  shown  that,  by  providing  a  correctly  designed 
supporting  structure,  the  critical  buckling  pressure  can  be  increased  up  to  four  times 
the  value  for  the  same  system  without  supports, 

A  bellows  clamped  at  both  ends  and  subjected  to  external  pressure  will  not  buckle 
as  a  beam  column,  but  it  may  buckle  locally  as  a  shell.  The  crowns  of  the  formed 
bellows,  which  are  parts  of  toroidal  shells,  will  develop  compressive  hoop  stresses 
under  external  pressure.  Thus,  the  crowns  may  buckle^)  in  a  nonsymmetric  inode, 
particularly  if  the  shell  thickness  is  small  in  relation  to  the  radius  of  curvature  of  the 
crown.  Welded  bellows  also  may  be  subjected  to  local  shell  buckling  in  their  leaves 
under  external  pressure.  The  analysis  of  shell  buckling  is  very  complicated  and  was 
beyond  the  scope  of  the  present  research  program. 

Bellows  subjected  to  external  pressure  can  be  expected  to  have  plastic-collapse 
pressures  of  about  the  same  values  as  predicted  for  internal  pressure  collapse..  For  ex¬ 
ample,  plastic-collapse  internal  pressures  found  for  5-inch  formed  bellows  were  250  to 
270  psi.  External  pressures  of  this  magnitude,  likewise,  may  cause  plastic  collapse.. 

It  is  difficult  to  predict  whether  elastic  buckling  or  plastic  collapse  will  be  tne 
dominant  failure  mode  under  external  pressure.  If  the  bellows  is  very  thin,  then  elastic 
buckling  may  predominate.  If  not,  plastic  collapse  may  predominate.  A  combination  of 
failure  modes  may  also  occur,  i.  e.:,  elastic-plastic  buckling.  This  is  a  problem  that 
warrants  further  investigation. 

Estimates  related  to  axisymmetric  plastic  collapse  pressures  can  usually  be  ob¬ 
tained  from  bellows  manufacturers.  Often  called  "maximum  allowable  pressure",  or 
"proof  pressure",  the  cited  values  usually  incorporate  a  safety  factor  so  the  bellows  will 
not  suffer  permanent  deformation  when  the  fluid  system  is  given  a  proof-pressure  test 
at  the  rated  pressure.  The  values  are  usually  based  on  tests  in  which  the  bellows  is  re¬ 
strained  at  its  free  length  and  laterally  supported.  As  described  above,  if  the  bellows  is 
not  given  lateral  support,  deformation  will  occur  at  pressures  much  below  the  cited 
value.  Even  with  lateral  restraint,  if  the  bellows  has  a  large  deflection  loading,  the 
bellows  convolutions  may  collapse  below  the  cited  pressure  value. 

Some  manufacturers  list  burst  pressures  for  bellows.  This  may  be  the  pressure 
at  which  axisymmetric  collapse  is  expected..  Since  the  ms.terial  usually  does  not  rupture 
at  the  initial  stage  of  collapse,  this  value  represents  a  safety  factor  for  burst.;  A  burst- 
pressure  value  can  also  represent  a  calculation  based  on  the  ultimate  tensile  strength  of 
the  bellows  wall.  As  such,  it  has  little  practical  meaning  since  rupture  may  take  place 
at  a  lower  pressure  in  a  location  where  the  bellows  has  creased  during  deformation. 


Nonsymmetric  Plastic  Collapse,.  If  the  elastic  beam-column  buckling  loads  are 
exceeded,  the  highly  stressed  parts  of  the  bellows  convolutions  will  deform  plastically 
and  a  state  of  permanent  squirm  deformation  will  result.  Equation  (8),  above,  can  be 
used  to  calculate  the  pressure  and  axial  compression  required  to  cause  stresses  in  the 
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plastic  range  and  thus  to  predict  the  loading  conditions  that  cause  the  beam-column  type 
of  plastic  collapse..  This  collapse  is  essentially  a  continuation  of  the  elastic  buckling 
deformation  beyond  the  elastic  limit  of  the  material,  and  it,  too,  depends  upon  the  bow¬ 
ing  and  offset  imperfections  of  each  bellows. 

This  mode  of  failure  is  reasonably  well  known  and  squirm-producing  combinations 
of  pressure  and  deflection  can  be  obtained  from  some  manufacturers.  However,  some 
references  have  implied  that  a  bellows  which  is  ’'square"  (length  equal  to  or  less  than 
the  diameter)  will  not  squirm.  On  the  contrary,  many  "square"  bellows  will  squirm  at 
less  than  their  maximum  compression  rating  when  the  internal  pressure  is  equal  to  the 
maximum  rated  operating  pressure. 


Plastic  Collapse  of  Diaphragms 

Overpressure  experiments  were  conducted  on  the  4-inch  stainless  steel  corrugated 
diaphragms.  The  diaphragms  exhibited  plastic  deformation  at  pressures  as  low  as  12  to 
17  psi,  These  initial  plastic-collapse  pressures  were  relatively  small;  the  diaphragms 
withstood  much  higher  pressures  without  burst  (up  to  300  psi),  but  they  did  so  with  a 
great  change  in  shape.  This  behavior  was  attributed  to  favorable  geometry  change  during 
deformation.  As  noted  in  Figure  1-26,  the  diaphragms  deformed  from  the  corrugated 
shape  toward  a  semitoroidal  shape  with  flattening  of  the  corrugations.  Thus,  large 
plastic  (and  permanent)  deformations  were  possible  without  appreciable  material  stretch¬ 
ing,  but  with  appreciable  bending  at  the  roots  and  crowns  of  the  corrugations,  i.  e. ,  ma¬ 
terial  was  available  in  the  corrugations  to  permit  a  grossly  deformed  shape  without  re¬ 
ducing  the  thickness. 

Overload  deflection  experiments  were  also  conducted.  The  central  hub  of  a  dia¬ 
phragm  was  deflected  with  the  outside  rim  clamped.  Plastic  deformations  were  first 
observed  at  a  load  of  13.7  pounds.  Subsequent  tests  to  higher  loads  (up  to  26,  3  pounds) 
showed  that  strain  results  for  subsequent  runs  at  a  certain  load  level  were  essentially 
the  same.  These  results  indicated  that  the  diaphragm  could  be  cycled  into  the  plastic 
range  with  repeated  strain  readings  ?fter  very  few  cycles.  However,  the  spring  constant 
changed  during  cycling,  and  the  load-deflection  curves  became  quite  nonlinear  (concave 
upward). 

It  was  found  that  the  pressure  and  deflection  load  required  to  cause  initial  plastic 
deformation  could  be  estimated  by  a  lower-bound  analysis,  The  maximum  bending 
moments  predicted  by  linear  computer  calculations  (using  NONLIN)  were  scaled  up  to 
the  yield  values.  Lower  bounds  of  5.  5  psi  and  13,6  lb  were  estimated  as  compared  with 
initial  plastic  loading  values  of  12  to  17  psi  and  13.7  lb  from  the  experiments. 

The  overload  experiments  indicated  that  corrugated  diaphragms  can  withstand 
loads  much  beyond  their  initial  plastic-collapse  values.  Accurate  prediction  of  this  kind 
of  behavior  would  require  an  elastic -plastic  theoretical  analysis. 


Vibration  of  Bellows  and  Diaphragms 


The  life  of  bellows  and  diaphragms  may  be  drastically  reduced  if  resonance  causes 
amplitudes  greater  than  those  estimated  for  the  normal  operating  conditions.  Resonance 
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can  occur  in  response  to  vibration  of  the  supporting  structure.  Bellows  in  a  fluid  line 
can  also  experience  flow-induced  vibration. 


Structurally  Induced  Vibration  in  Bellows 

The  general  approach  to  a  structurally  induced  vibration  problem  is  to  use  a 
bellows  which  will  not  resonate  with  the  structure,  or  to  apply  various  dampening  de¬ 
vices  to  the  bellows.  Formulas  can  be  used  to  estimate  resonant  frequencies  in  a 
bellows.  Because  bellows  are  lightly  damped  structures,  resonance  must  be  prevented, 
and  the  adequacy  of  each  assembly  in  the  vibration  environment  must  be  demonstrated 
in  the  laboratory. 


Vibration  Formulas.  The  problem  of  structurally  induced  vibration  in  bellows  was 
investigated  in  some  depth  by  the  Bell  Aerosystems  Company^  as  a  part  of  a  program 
on  the  design  of  expulsion  bellows.  Three  modes  were  studied:  (1)  the  longitudinal  or 
accordion  mode,  (2)  the  transverse  or  beam  mode,  and  (3)  the  liquid  mode. 


Bell  was  able  to  predict  the  accordion  and  beam  vibration  modes  using  formulas 
for  a  solid  bar  and  beam  when  the  constants  used  in  the  formulas  were  interpreted  cor¬ 
rectly.  Calculations  of  the  natural  frequency  for  bellows  clamped  at  both  ends,  un¬ 
damped,  and  vented  to  atmosphere  can  be  made  by  substituting  the  appropriate  values 
in  the  frequency  equations  shown  below. 


Accordion  Mode 


Beam  Mode 


f  = 
n 


2LC  <Wm) 


(9) 


where 

fn  =  fundamental  natural  frequency  for  the  accordion  mode,  cps 

f L  =  fundamental  natural  frequency  for  the  lateral  beam  mode  in  cps 
when  the  constant  An  =  22 

k  =  axial  spring  rate  of  bellows,  lb/in. 

g  =  acceleration  due  to  gravity,  386  in,  / sec*' 

W  r  weight  of  metal  in  the  convolutions,  lb 

R0  -  outside  diameter  of  the  convolutions  +  2,  in. 

Lc  =  live  length  of  the  bellows. 

The  liquid  mode,  which  occurs  in  the  longitudinal  direction  when  vibration-induced 
pressure  surges  in  the  contained  liquid  interact  with  the  expulsion  bellows,  was  more 
difficult  to  analyze.  Although  Bell  developed  an  analysis  approach  for  this  problem,  this 
mode  usually  does  not  occur  in  bellows  used  in  aerospace  components  such  as  valves  and 
regulators,  and  the  accuracy  of  the  analysis  method  was  not  investigated. 
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Investigation  of  Vibration  Formulas.  The  applicability  of  Bell’s  accordion  and 
beam-mode  formulas  for  small  bellows  was  evaluated  during  the  current  program  through 
theoretical  and  experimental  vibration  analyses  of  each  of  the  test  bellows.  Each  analy¬ 
sis  consisted  of:  (1)  determining  the  weight  and  spring  rate  of  the  bellows,  (2)  calculating 
the  natural  frequency  for  the  accordion  and  beam  modes  of  vibration,  and  (3)  subjecting 
the  bellows  to  axial  and  transverse  vibrations  on  a  Caladyne  shaker  table.  Since  this 
work  is  not  described  in  an  appendix,  it  is  reported  in  some  detail  here. 

The  estimated  weight  of  the  bellows  was  obtained  by  estimating  the  developed 
length  of  the  bellows  and  multiplying  this  by  the  average  thickness  to  obtain  the  volume 
of  metal  used  in  the  bellows.  As  a  check,  a  similar  estimate  was  made  of  the  weight  of 
the  end  fittings  and  other  parts  of  the  test  specimens  not  including  the  bellows.  This 
weight  was  subtracted  from  the  measured  weight  of  the  test  specimen  to  obtain  the 
bellows  weight. 

The  axial  spring  rate  of  each  bellows  was  obtained  by  measuring  the  load-deflection 
characteristics  of  the  bellows,  and  then  calculating  the  slope  of  the  load-vs.  -deflection 
curve..  Since  vibration  of  the  bellows  alternately  places  the  individual  convolutions  under 
tensile  and  compressive  loads,  the  spring-rate  value  used  in  the  frequency  equation  was 
the  average  of  the  extension  and  compression  spring  rates. 

When  the  theoretical  resonant  frequencies  of  the  bellows  had  been  calculated,  the 
bellows  were  mounted  in  a  fixture  (see  Appendix  Q)  and  attached  to  the  Caladyne  shaker 
table.  Each  bellows  was  subjected  to  accordion  and  lateral-mode  frequency  scans  from 
100  cps  to  10,000  cps  to  determine  resonant  frequencies.  Since  some  indications  of 
resonance  by  tne  acceleration  meter  on  the  shaker  console  were  produced  because  of 
fixture  vibration,  each  indicated  resonant  period  was  checked  by  means  of  stroboscopic 
observation  to  verify  that  the  resonant  behavior  was  associated  with  the  bellows  and  not 
the  fixture,;  In  some  cases  the  amplitude  of  lateral  response  was  so  slight  that  accelera¬ 
tion  indications  of  resonance  were  meaningless  and  a  touch  sensing  approach  was  used 
to  detect  the  resonant  periods. 


Results  of  Theoretical  and  Experimental  Analysis.  Calculated  ar.d  observed 
resonant  frequencies  for  the  test  bellows  are  shown  in  Table  10.  For  the  formed  bel¬ 
lows,  the  experimental  results  for  the  accordion  mode  correlated  very  closely  with  the 
formula  predictions.  The  experimental  results  for  the  lateral  beam  mode  did  not  cor¬ 
relate  well  with  the  theoretical  predictions,  and  it  was  concluded  that  the  beam  formula 
is  not  applicable  to  the  type  of  bellows  tested.  Examination  of  the  results  in  Table  10 
showed  that  the  experimental  lateral  frequencies  were  everywhere  substantially  less  than 
the  theoretical  predictions  of  the  classical  beam  theory.  This  was  attributed  to  the 
effects  of  shear  deformation  and  rotary  inertia.  These  effects  are  known  to  result  in 
lower  frequencies  than  predicted  by  the  classical  theory  and  cause  a  greater  reduction 
for  shorter  length  beams.  (8)  Inclusion  of  these  effects  for  the  complicated  geometry  of 
a  bellows  was  considered  beyond  the  scope  of  the  present  program. 

The  results  for  the  welded  bellows  were  essentially  the  same  as  for  the  formed 
bellows:  the  calculated  and  observed  values  for  the  accordion  mode  were  quite  close, 
while  the  calculated  and  observed  values  for  the  beam  mode  disagreed  more  than  for 
the  formed  bellows. 

All  the  bellows  tested  exhibited  low  internal  damping  and  extremely  narrow  re¬ 
sonant  periods.  Except  for  nonstandard  modes  of  vibration  caused  by  noncentroidal 
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TAPLE  10.  THEORETICAL  AND  EXPERIMENTAL  NATURAL  VIBRATION  FREQUENCIES  FOR  TYPICAL  FORMED  AND  WELDED  BELLOWS 
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excitation,  bellows  response  to  inputs  other  than  true  harmonics  was  practically  negli¬ 
gible,  Light  applications  of  Coulomb  damping  eliminated  bellows  vibration  altogether. 


Flow-Induced  Vibration  in  Bellows 


Little  theoretical  work  has  been  done  on  flow-induced  vibration  in  bellows,  and 
since  this  is  not  a  problem  in  bellows  used  in  aerospace  components,  this  performance 
characteristic  was  not  investigated  during  the  current  program.  If  flow-induced  vibra¬ 
tion  occurs,  it  can  often  be  prevented  by  a  liner  in  the  bellows  which  separates  the  con¬ 
volutions  from  the  flow  stream.  However,  unexpected  flow-induced  vibration  is  a 
frequent  cause  of  bellows  failure  in  piping  systems. 


Vibration  of  Corrugated  Diaphragms 

The  only  publication  found  in  the  literature  search  that  pertained  to  the  analysis  of 
the  vibration  of  corrugated  diaphragms  is  a  paper  by  Akasaka  and  Takagishi.  (9)  Their 
analysis  is  very  approximate:  they  predict  the  natural  frequencies  of  a  diaphragm  with 
shallow  corrugations  using  formulas  for  orthotropic  flat  plates.  The  corrugated  dia¬ 
phragm  has  less  stiffness  in  the  meridional  direction  than  in  circumferential  direction. 
The  authors  have  used  the  method  of  HaringxO^)  to  estimate  the  stiffnesses  in  the  two 
directions.  (Haringx  conducted  only  static  analysis. )  They  also  include  the  effect  of  a 
concentrated  mass  (hub)  at  the  center  of  the  diaphragm.  Their  results  of  an  experiment 
on  one  diaphragm  agreed  very  well  with  the  approximate  formula.  This  diaphragm,  how¬ 
ever,  was  very  shallow  -  the  amplitude  (half-depth)  of  the  corrugations  (0.  85  mm)  was 
only  about  twice  the  thickness  (0.  4  mm)  and  the  half-wave  pitch  of  the  corrugations  was 
very  large  (6  mm).. 

The  formula  of  Akasaka  and  Takagishi  is  not  considered  applicable  to  nonshallow 
diaphragms,  where  the  amplitude -to -pitch  ratio  is  much  greater  than  0.  1.  The  authors 
mention  that  "informal"  experiments  show  that  the  formula  predicts  frequencies  much 
too  high.  For  nonshallow  diaphragms,  rotary  inertia  of  the  corrugations  and  other 
secondary  effects  must  be  accounted  for.  This  is  best  accomplished  by  conducting  a 
correct  shell  analysis  of  the  diaphragm.  This,  however,  was  beyond  the  scope  of  the 
present  program. 

Akasaka  and  Takagishi  show  that  the  natural  frequencies  increase  with  increase  of 
edge  tensile  force,  as  would  be  expected.  It  is  also  expected  that  the  frequencies  would 
be  higher  for  a  pressurized  diaphragm. 
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Flow  Losses 


No  work  was  done  in  the  current  program  on  the  problem  of  flow  losses  in  bellows 
because  this  performance  characteristic  is  not  of  major  importance  for  bellows  in 
aerospace  components.  However,  for  completeness,  the  following  material  has  been  re¬ 
produced  from  the  literature5'. 


A  LTHOUGH  satisfactory  design  data  are  avail- 
able  for  turbulent  flow  in  smooth  tubes, 
rough  tubes,  channels,  valves,  and  elbows, 
data  for  turbulent  flow  through  unlined  flexible 
hose  and  bellows  are  severely  lacking.  To  fill  this 
void,  data  from  several  sources,  in  addition  to  the 
authors  experimental  data,  were  correlated  to  pro¬ 
vide  a  generalized  method  for  predicting  the  pres¬ 
sure  loss  of  both  straight  and  bent  flexible  sections. 

Generalized  Method:  Friction  factors  for  straight 
flexible  sections  as  a  function  of  the  flow  param¬ 
eter,  Reynolds  number,  and  the  relative  rough¬ 
ness  of  the  internal  diameter  are  shown  in  Fig.  1. 
These  friction  factors  can  be  used  in  conjunction 
with  the  Darcy-Weisbach  pressure-loss  equation: 

Ap  =  —  x  —  x  P  n) 

d  2g 

The  hose  selected  determines  the  values  of  the 
physical  dimensions.  Using  the  values  of  the  rel¬ 
ative  roughness,  e/d,  and  the  Reynolds  number, 
dVp/ 1 2fi,  the  value  of  the  friction  factor  f  is  read 


from  Fig.  1.  Direct  substitution  permits  solving 
for  the  pressure  loss. 

Specific  data  for  various  flexible  hoses  can  be  ob¬ 
tained.123  For  approximate  calculations,  typical 
physical  dimensions  are  given  in  Table  1  for  several 
nominal  diameters. 

'Reference*  ire  tabulated  at  end  of  article. 


Nomenclature 


d  —  Inside  diameter  of  bellows,  in. 
e  =  Average  height  of  convolution,  In. 
f  =  Darcy-Weisbach  friction  factor 
g  =  Acceleration  of  gravity,  ft  per  sec2 
=  32.2  ft  per  sec2 
L  =  Length  of  bellows,  in. 

Sf  =  Cross-sectional  area  of  bellows,  sq  'n. 

S,  =  Cross  sectional  flow  area  of  fitting,  sq  in. 
V  =  Fluid  velocity,  ft  per  sec 
AP  =  Pressure  loss,  psf 
p  =  Fluid  density,  lb  per  cu  ft 
H  -  Fluid  viscosity,  lb  per  ft  per  sec 


Reynolds  Number 

Fig.  1 — Friction  factors  for  flexible  metal  hose  as  a  function 
of  Reynolds  number  and  relative  roughness. 


Daniels,  C,  M,,.  and  Cleveland,  J.-  R. ,  "Determining  Pressure  Drop  in  Flexible  Fetal  Hose",  Adapted  from  MACHINE 
DESIGN,  November  ‘25,  1965.  Copyright  1965  by  The  Penton  Publishing  Company,.  Cleveland,  Ohio 
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Equivalent  Length,  L/d 


Bend  Losses:  Since  the  flexible  section  is  used 
to  allow  variable  misalignment  or  bends  in  a  tube 
or  duct  system,  the  pressure-loss  factors  of  bent 
flexible  sections  are  included  as  a  function  of  bend 
radius,  Fig.  2,  and  bend  angle,  Fig.  3. 

To  obtain  the  bend  loss,  first  calculate  the  rela¬ 
tive  radius,  R/d.  From  Fig.  2,  find  the  total  loss 
for  a  90-deg  bend  as  equivalent  length,  L/d.  Ob¬ 
tain  the  bend-angle  correction  factor,  C,  from  Fig. 
3.  To  obtain  the  pressure  loss,  substitute  C(L/d) 
for  L/d  in  Equation  1.  Friction  factor  /  is  obtained 
from  Fig.  1. 

The  same  answer  can  be  obtained  by  adding 
the  inertia  loss  of  the  bend  from  Fig.  2  (corrected 
for  bend  angle  by  data  from  Fig,  3)  to  the  length 
of  the  flexible  hose.  This  latter  method  may  be 


Table  1 

— Typical  Dimensions  of  Flexible  Sections 

Nominal 

Size 

(In.) 

Inside 

Diameter 

d(in.) 

Outside 

Diameter 

(in.) 

Wan 

Thickness 

(in.) 

Height  of 
Convolutions 

(in.) 

3/16 

0.188 

0.308 

0.006 

0.034 

K 

0.255 

0.491 

0.010 

0.108 

% 

0.390 

0.668 

0.012 

0.127 

K 

3.520 

0.804 

0.012 

0.130 

% 

0.582 

0.861 

0.012 

0.128 

X 

0,750 

1.190 

0.014 

0.206 

l 

1.000 

1.398 

0.012 

0.187 

l*/4 

1.284 

1.850 

0.016 

0.267 

i  a 

1.500 

2.132 

0.016 

0.300 

2 

2.000 

2.676 

0.016 

0.322 

3 

2.962 

3.413 

0.027 

0.424 

4 

4,000 

4.700 

0.027 

0.323 

easier  if  the  entire  flexible  hose  is  not  used  in 
the  bend. 

Connection  Losses:  Because  the  inside  diameter 
of  the  flexible  section  seldom  matches  the  inside 
diameter  of  the  connecting  tube  or  duct,  expansion 
and  contraction  pressure  losses  are  encountered. 
These  follow  the  established  analogies.4 


The  values  of  K  calculated  from  these  equations 
can  be  substituted  for  /(L/d)  in  the  Darcy- Weis- 
bach  equation  to  obtain  pressure  loss. 
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Fig.  2 — Bend-loss  factor  for  a 
90-deg  bend  angle  as  a  function 
of  the  ratio  of  elbow  bend 
radius  to  the  flexible  hose  dia¬ 
meter. 


Fig.  5~  Bend-loss  factor  in 
terms  of  a  90-deg  bend  loss. 
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Fatigue  of  Bellows  and  Diaphragms 


Fatigue  failure  is  one  of  the  most  common  types  of  failures  in  bellows  and  dia¬ 
phragms.  In  normal  service,  the  life  of  a  bellows  or  diaphragm  is  determined  by  the 
cumulative  effect  of  the  deflection  and  pressure  stresses  (or  strains)  to  which  it  is  sub¬ 
jected.  As  summarized  in  the  next  section,  corrosion  can  significantly  reduce  fatigue 
life.  Fatigue  life  can  also  be  reduced  by  stress  concentration  at  points  of  geometrical 
discontinuity,  material  variations,  residual  stresses,  and  heat-affected  material.  On 
occasion,  unexpected  modes  of  deformation  can  cause  high  stresses  which  result  in  pre¬ 
mature  fatigue  failure.  Common  causes  of  such  overstressing  are  damage  during  ship¬ 
ment,  improper  installation,  dynamic  resonance,  excessive  stroke,  and  excessive 
pressure. 

Until  the  present  program,  there  has  been  no  method  by  which  the  deflection  and 
pressure  stresses  could  be  accurately  evaluated  for  bellows  and  diaphragms.  Thus, 
each  manufacturer  has  been  required  to  develop  empirical  design  data  based  on  fatigue 
tests  of  the  manufacturer's  bellows.  With  sufficient  data,  it  has  been  possible  to  con¬ 
struct  nomographs  relating  different  fatigue  life  cycles  to  different  percentages  of  max¬ 
imum  deflection  and  maximum  pressure  for  the  types  of  bellows  tested.  (Maximum  de¬ 
flection  and  pressure  are  those  values,  with  appropriate  safety  factors,  which  will 
cause  permanent  deformation  in  the  bellows.  )  Such  nomographs  are  available  from  a 
number  of  bellows  manufacturers. 

It  was  demonstrated  in  the  present  research  study  that  the  computing  program 
NONLIN  could  be  used  to  accurately  predict  the  elastic  strains  in  bellows  or  diaphragms 
of  any  shape  subjected  to  either  axial  deflection  or  internal  pressure.  One  of  the  major 
tasks  in  the  study  was  an  investigation  of  the  feasibility  of  using  the  theoretically  pre¬ 
dicted  maximum  strains  in  a  bellows  to  predict  the  fatigue  life  of  the  bellows  under  a 
given  cyclic  load.  The  planned  approach  involved  testing  formed  bellows,  welded  bel¬ 
lows,  and  diaphragms  to  establish  their  fatigue  limits  at  different  levels  of  cyclic  strain 
as  calculated  by  the  program  NONLIN.  These  experimental  results  were  then  to  be 
compared  with  data  obtained  from  standard  fatigue  tests  made  on  metal  coupons  of  the 
same  material.  If  a  correlation  could  be  established  between  the  fatigue  lives  of  the 
bellows  and  diaphragms  at  the  calculated  strain  ranges  and  the  fatigue  lives  of  the  cou¬ 
pons  at  the  same  strain  ranges,  then  the  relatively  ample  coupon  fatigue  data  available 
in  the  literature  could  be  used,  together  with  NONLIN,  to  predict  fatigue  life  of  bellows 
and  diaphragms.  Appendixes  K  through  N  give  detailed  descriptions  of  the  fatigue  tests 
conducted  in  the  program  and  the  results  obtained.  These  results  are  summarized 
briefly  here. 


Formed  Bellows 


An  investigation  was  carried  out  for  formed  bellows  made  of  Type  321  stainless 
steel  and  Inconel  718.  Ihe  results  of  this  investigation  showed  that  NONLIN  could  be 
used  together  with  coupon  data  to  estimate  the  minimum  fatigue  life  of  a  formed  bellows 
subject  to  the  following  limitations: 
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(1)  The  lifetime  values  estimated  from  coupon  data  may  be  optimistic  because  of 
variations  of  actual  bellows  from  the  geometric  model  on  which  the  computa¬ 
tions  are  based,  and  because  of  residual  stresses  and  material  variations 
which  the  theoretical  treatment  does  not  include. 

(2)  When  such  factors  have  been  taken  into  account  by  a  few  fatigue  tests  on  bel¬ 
lows  formed  by  a  similar  process  and  from  similar  material,  the  stress 
analysis  can  be  used  to  provide  good  interpolations  and  moderate  extrapola¬ 
tions  for  different  loadings  and  moderately  different  geometries. 


Welded  Bellows 


In  contrast  to  the  formed-bellows  fatigue  tests,  no  satisfactory  correlation  could 
be  obtained  between  the  fatigue  life  and  the  theoretically  predicted  maximum  strain  for 
welded  bellows  made  of  either  Type  347  stainless  steel  or  AM-350.  As  discussed  ear¬ 
lier,  it  was  demonstrated  that  the  strains  predicted  by  Program  NONLIN  were  satis¬ 
factorily  accurate.  However,  the  tests  showed  considerable  variation  both  in  fatigue 
life  and  failure  location  for  bellows  subjected  to  the  same  maximum  strain  range.  This 
fatigue-life  variation  was  apparently  the  result  of  manufacturing  variations  associated 
with  the  welding  process  (such  variations  are  not  accounted  fc  r  by  Program  NONLIN). 
Significant  variations  in  the  fatigue  life  were  observed  both  for  bellows  made  by  differ¬ 
ent  manufacturers  and  for  nominally  identical  bellows  made  by  the  same  manufacturer. 

As  a  result  of  the  tests,  it  was  concluded  that  the  variability  of  the  fatigue  life 
resulting  from  manufacturing  variations  must  be  experimentally  determined  for  each 
manufacturer's  process.  This  requires  the  same  type  of  testing  that  manufacturers 
currently  perform  to  establish  fatigue  nomographs.  Thus,  although  the  computer  pro¬ 
gram  NONLIN  can  be  used  to  analyze  the  stresses  and  strains  in  welded  bellows  and  to 
aid  in  their  design,  the  fatigue  life  of  welded  bellows  must  still  be  established  experi¬ 
mentally.  It  must  be  emphasized  that  experimental  determination  of  welded-bellows 
fatigue  life  must  be  based  on  a  sufficiently  large  number  of  tests. 

As  discussed  in  Appendix  N,  it  has  been  demonstrated  that  a  combination  of  com¬ 
pression  and  pressure  may  reduce  the  life  of  welded  bellows  significantly.  This  occurs 
if  the  slight  ballooning  caused  by  the  pressure  causes  the  diaphragms  of  the  bellows  to 
interfere  during  compression,  thereby  greatly  increasing  the  stresses  at  other  points  of 
the  cross  section.  Although  the  analytical  prediction  of  this  condition  would  be  very 
difficult,  it  can  be  determined  experimentally  because  the  diaphragm  interference 
causes  a  significant  change  in  the  spring  rate  of  the  bellows.  Since  each  welded  bellows 
should  be  used  as  much  in  compression  as  possible  to  obtain  the  longest  fatigue  life 
(see  Appendix  N)  these  tests  must  be  conducted  to  assure  that  diaphragm  interference 
will  not  be  encountered. 

The  tilted-edge  welded-bellows  configuration  to  be  investigated  in  a  follow-on  pro¬ 
gram  is  expected  to  experience  fatigue  failure  in  the  parent  material  rather  than  in  the 
weld  areas.  If  this  is  achieved,  the  procedure  for  estimating  the  fatigue  life  of  formed 
bellows  may  be  applicable  to  the  tilt-edge  configuration. 
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Diaphragms 

Insufficient  tests  were  conducted  during  the  present  program  to  provide  the  depth 
of  understanding  of  fatigue -failure  modes  for  diaphragms  that  was  obtained  for  formed 
and  welded  bellows.  It  is  believed  that  the  fatigue  characteristics  of  diaphragms  are 
very  similar  to  those  of  welded  bellows  when  the  maximum  cyclic  stress  occurs  in  a 
weld  area.  When  the  maximum  cyclic  stress  occurs  at  one  of  the  convolutions,  the 
failure  mode  is  more  like  the  failure  mode  of  formed  bellows.  The  nonlinear- stress- 
analysis  program  can  be  used  as  a  basis  for  estimating  the  fatigue  life  of  diaphragms. 


Corrosion  of  Bellows  and  Diaphragms 


Because  of  the  thin  materials  of  construction,  bellows  and  diaphragms  are  very 
susceptible  to  corrosion-induced  failure.  To  prevent  this,  three  types  of  precaution 
must  be  taken.  First,  the  bellows  or  diaphragm  material  must  be  selected  so  that  little, 
if  any,  corrosion  will  occur  under  normal  operating  conditions.  Second,  the  manufac¬ 
turing  procedures  must  be  reviewed  in  detail  to  determine  that  corrosion  will  not  be 
initiated  during  fabrication  and  that  the  finished  item  will  be  completely  free  of  corro¬ 
sive  substances.  Third,  all  system  abnormalities  must  be  reviewed  for  the  possible 
creation  or  introduction  of  corrosive  agents  in  the  fluid  systems. 

An  understanding  of  the  different  types  of  corrosion  and  of  the  applicable  corro¬ 
sion  data  is  required  to  accomplish  these  objectives.  Appendix  O  presents  information 
pertinent  to  the  corrosion  of  bellows  and  diaphragms  in  aerospace  applications.  Because 
corrosion  rates  are  greatly  affected  by  many  factors,  i.  e.  ,  temperature,  time,  mate¬ 
rial  composition,  etc,  ,  care  shouldbe  taken  in  extrapc  ating  corrosion  data.  It  may  be 
necessary  to  conduct  test3  to  simulate  the  expected  corrosion  conditions. 

The  prevention  of  fatigue  failure  is  particularly  important  for  bellows  and  dia¬ 
phragms  in  aerospace  applications.  Because  very  few  data  were  available  concerning 
the  effect  of  typical  rocket  fuels  and  oxidizers  on  the  fatigue  life  of  typical  bellows  and 
diaphragm  materials,  selected  tests  were  conducted  to  obtain  representative  data  (see 
Appendix  O).  The  following  guidelines  summarize  the  results  of  these  tests. 


N2O4 

At  200  F,  a  reduction  in  the  design  fatigue  life  (based  on  200  F  air  data)  should  be 
made  for  most  of  the  common  alloys.  A  reduction  of  at  least  50  percent  is  suggested  for 
aluminum-base  alloys  and  60  percent  for  the  austenitic  stainless  steels.  Thus,  if  the 
air  data  suggest  a  10,000-cycle  life,  a  reduction  of  60  percent  to  4000  cycles  should  be 
applied  to  the  300-series  stainless  steels.  A  60  percent  reduction  is  also  recommended 
for  the  martensitic  or  other  high-strength  steels,  until  such  time  as  additional  data  are 
available . 

Laboratory  data  suggest  that  titanium  and  its  alloys  have  excellent  resistance  to 
impact-fatigue-type  loading  in  at  90  F  At  200  F,  however,  some  reduction  in 

design  fatigue  life  is  indicated  particularly  for  the  red  grade  of  N2O4.  No  reductions 
may  be  necessary  for  the  green  grade  of  N2O4,  This  is  based  on  the  fact  that  at  tem¬ 
peratures  above,  say,  100  F,  titanium  alloys  have  been  found  to  stress-corrosion  crack 
in  red  N2O4  but  not  in  green  N2O4.. 
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The  fatigue  life  of  most  metals  would  probably  be  reduced  less  as  the  temperature 
of  the  environment  is  lowered.  However,  since  no  data  are  available  at  this  time,  the 
same  reduction  in  cycle  life  should  be  applied  at  room  temperature  as  at  200  F.  Above 
200  F,  a  greater  reduction  in  cycle  life  should  be  applied. 


Hydrazine  Fuels 

At  200  F,  no  detrimental  behavior  was  found  for  6061-T6  aluminum  alloy  or  Type 
347  stainless  steel  in  the  UDMH-hydrazine  mix.  No  correction  for  corrosion  fatigue 
should,  therefore,  be  required  for  other  aluminum-base  or  stainless  steel  alloys  in  any 
hydrazine-type  fuel.  All  corrosion  data  available  to  date  indicate  that  hydrazine, 

UDMH,  A-50,  and  monomethylhydrazine  behave  similarly  for  aluminum  and  stainless 
steels. 

It  is  pointed  out,  however,  that  specification  hydrazine  can  contain  as  much  as 
2.  5  percent  water.  High  water  content  would  be  expected  to  promote  corrosion  and  thus 
could  adversely  affect  fatigue  life.  In  this  case  a  particularly  weak  area  might  be  at  the 
juncture  of  the  bellows  and  end  fixtures,  where  galvanic  effects  from  dissimilar  metal 
contacts  could  lead  to  premature  failures. 

No  recommendations  can  be  made  at  this  time  about  the  fatigue  behavior  of  other 
alloys  in  hydrazines  because  of  the  inherent  danger  of  catalyzed  decomposition  of  the 
fuel  and  the  possible  increased  rate  of  corrosion. 


CIF3 


In  CIF3,  aluminum-base  and  nickel-base  alloys  (provided  they  have  adequate  gen¬ 
eral  corrosion  resistance)  should  provide  a  fatigue  life  equivalent  to  their  respective  air 
data.  Thus,  no  correction  for  corrosion  fatigue  may  be  required  up  to  200  F. 

Copper  and  many  of  its  alloys  show  an  equally  high  order  of  resistance  to  CIF3 
compared  with  the  nickel-base  alloys.  It  is  believed  that  no  corrosion  fatigue  will  re¬ 
sult  in  CIF3  up  to  200  F. 

A  correction  for  corrosion  fatigue  should  be  made  for  all  stainless  steels.  A  re¬ 
duction  by  up  to  60  percent  of  the  air  fatigue  life  is  suggested  as  a  reasonable  value. 

Titanium  and  titanium  alloys  are  rapidly  attacked  by  CIF3  and  should  not  be  con¬ 
sidered  for  such  service. 


Other  Fluorine- Base  Oxidizers 


The  behavior  of  aluminum-base  and  nickel-base  alloys  in  other  fluorine-base 
oxidizers  such  as  fluorine,  FLOX,  NF3,  and  N2F4,  would  be  expected  to  be  similar  to 
that  in  CIF3,  Thus,  no  correction  for  corrosion-fatigue  behavior  is  believed  necessary 
up  to  200  F. 

In  fluorine-type  propellants,  copper-base  alloys  would  be  expected  to  behave 
similarly  to  the  nickel-base  alloys,  and  should  perform  with  little  or  no  reduction  in 
fatigue  properties  up  to  200  F. 
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As  with  CIF3,  a  reduction  by  60  percent  of  the  air-fatigue-life  value  is  recom¬ 
mended  for  the  stainless  steels  in  other  fluorine-base  oxidizers. 

It  appears  that  corrosion- fatigue  data  on  fluorine-base  propellants  should  not  be 
extrapolated  at  this  time  to  other  than  the  materials  discussed  above.. 

Consideration  should  also  be  given  to  the  limited  protection  to  physical  damage 
afforded  by  the  thin  walls  of  bellows  and  diaphragms.  In  fluorine-base  oxidizers  this 
problem  is  especiv.  iy  serious  because  the  protective  fluoride  film  can  be  easily  damaged 
by  abrasion  or  by  the  mechanical  motion  of  the  bellows.  Breakdown  of  the  film  in  local¬ 
ized  areas  could  lead  to  reduction  in  fatigue  life.  Thus  abrasion  vibration,  impingement, 
high  flow  rates,  etc.  ,  should  be  avoided. 


Characteristics  Important  to  Instrumentation  Applications 


Ideally,  bellows  and  diaphragms  would  deflect  exactly  the  same  amount  when  an 
equal  increment  of  force  or  pressure  load  was  added  or  subtracted.  Linearity  of  re¬ 
sponse  can  be  prevented  by  geometrical  aspects  of  the  bellows  and  diaphragms.  How¬ 
ever,  even  when  there  is  geometrical  linearity  and  when  the  material  remains  well 
within  the  elastic  limit,  small  departures  from  linearity  can  occur  which  are  important 
to  precision  instruments.  The  term  "anelasticity"  has  been  used  to  denote  the  non¬ 
elastic  behavior  of  solid  materials  in  the  low  stress  range.  Included  in  this  term  are 
such  effects  as  hysteresis,  drift,  aftereffect,  recovery,  and  zero  shift.  Changes  in 
temperature  can  affect  response  because  of  thermal  expansion  of  the  material  and  be¬ 
cause  of  changes  in  the  elastic  modulus  of  the  material.  In  addition,  edge  attachments, 
particularly  of  diaphragms,  have  been  shown  to  affect  linearity  of  response. 


Anelastic  Effects 


Hysteresis  is  the  difference  between  the  deflections  of  a  bellows  or  diaphragm  at 
a  given  load  for  increasing  and  decreasing  loads.  Drift  is  the  increase  of  deflection 
with  time  under  a  constant  load.  Aftereffect  is  the  deflection  remaining  immediately 
after  removal  of  the  load,  i.  e. ,  hysteresis  at  no  load.  Recovery  is  the  decrease  of 
aftereffect  with  time  under  no  load.  Zero  shift  is  the  permanent  deformation,  i.  e. , 
the  difference  in  position  before  loading  and  sufficiently  long  after  unloading  for  re¬ 
covery  io  occur. 

Since  these  anelastic  effects  stem  from  nonelastic  behavior  of  the  bellows  or  dia¬ 
phragm  material,  the  effects  are  not  generally  predictable  from  elastic  analysis  and 
there  is,  at  present,  no  basic  theory  covering  such  behavior.  However,  there  are  some 
guidelines  for  design: 

(1)  Anelastic  behavior  generally  causes  larger  errors  at  higher  stresses.  Hence, 
bellows  or  diaphragms  designed  to  operate  at  a  low  peak  stress  are  desirable 
for  precision  instruments. 

(E)  The  various  effects  are  interrelated,  although  details  of  the  interrelation  may 
be  only  approximately  known.  Thus,  a  bellows  with  a  small  drift  under  maxi¬ 
mum  load  would  be  expected  to  have  a  small  hysteresis  (at  half-load)  and  a 
small  aftereffect. 
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(3)  Relatively  simple  tests  (such  as  measurement  of  drift)  may  be  helpful  in  qual¬ 
ity  control  to  produce  units  of  low  hysteresis.  However,  some  precautions 
must  be  used  in  the  time  schedules  for  anelastic  determinations. 

Some  work,  much  of  which  is  unpublished,  has  been  done  on  the  anelastic  "errors" 
in  certain  types  of  corrugated  diaphragms.  Little  corresponding  work  seems  to  have 
been  done  on  bellows,  probably  because  these  are  less  frequently  used  ir.  precision  in¬ 
struments  in  such  a  way  that  their  anelastic  behavior  is  critical. 

A  detailed  study  of  anelastic  effects  in  bellows  and  diaphragms  was  beyond  the 
scope  of  this  investigation.  Such  a  study  would,  in  fact,  require  special  instrumentation 
and  experimental  techniques.  Some  measurements  of  hysteresis  were  made  for  large 
deflection  cycles  for  formed  bellows  made  of  Type  321  stainless  steel  and  Inconel  718. 
Values  for  the  Type  321  bellows,  with  a  cycle  time  of  approximately  1  hour,  are  shown 
in  Table  11.  These  values  are  reproduced  only  to  indicate  types  of  hysteresis  which 
can  occur  in  one-  and  two-ply  stainless  steel  formed  bellows  at  relatively  high  pres¬ 
sures  and  strain  levels,  (The  deflections  corresponded  to  those  used  in  the  fatigue 
tests.)  The  Inconel  718  bellows  tested  averaged  about  one-fourth  the  hysterebis  ex¬ 
hibited  by  the  stainless  steel  bellows. 


Temperature  Effects 

Consider  a  bellows  (or  diaphragm)  subject  to  a  high  internal  pressure  of  a  gas, 
with  (for  simplicity)  essentially  zero  external  pressure  and  negligible  deflection  con¬ 
straint.  If  the  temperature  is  now  increased,  the  bellows  deflection  will  change  because 
of  several  factors:  (1)  an  increase  in  gas  pressure,  (2)  a  thermal  expansion  of  the 
bellows  material,  and  (3)  a  change  (usually  a  decrease)  in  elastic  modulus  of  the  bellows 
material.  In  a  particular  situation,  these  factors  may  counterbalance  each  other.  In 
some  aneroid  capsules,  a  small  internal  pressure  may  be  intentionally  left  to  counter¬ 
balance  (at  one  condition  of  temperature  and  loading,  the  effects  of  thermal  expansion 
and  thermoelasticity  of  the  diaphragm  material. 

Thermal  stresses  in  a  bellows  or  diaphragm  caused  by  a  temperature  change  in 
the  material  can  arise  in  two  ways,  depending  on  whether  the  bellows  or  diaphragm 
undergoes  a  uniform  or  a  nonuniform  temperature  change.  If  the  bellows  or  diaphragm 
undergoes  a  uniform  temperature  change,  then  thermal  stresses  will  be  induced  in  the 
bellows  or  diaphragm  unless  it  is  completely  free  to  expand  or  contract.  This  type  of 
thermal  stress  is  easily  calculated  by  calculating  the  amount  of  thermal  expansion  or 
contraction  that  would  occur  if  the  edges  were  free,  and  then  using  NONLIN  to  calculate 
the  stresses  in  the  bellows  or  diaphragm  when  the  deflections  (of  opposite  sign)  are 
applied  to  the  edges. 

When  the  bellows  or  diaphragm  undergoes  a  nonuniform  temperature  change,  ther¬ 
mal  stresses  can  occur  even  if  the  edges  are  completely  free.  These  thermal  stresses 
can  be  calculated  in  the  same  way  that  pressure  stresses  are  calculated  if  provision  is 
made  for  the  temperature  effects  in  the  computer  program.  Although  computing  Pro¬ 
gram  MOLSA  provides  for  the  calculation  of  temperature  effects,  the  current  version  of 
NONLIN  does  not  have  this  capability  since  calculation  of  thermal  effects  was  beyond  the 
scope  of  the  present  project. 
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TABLE  11.  HYSTERESIS  EFFECTS  AT  ZERO  DEFLECTION  FOR  STAINLESS  STEEL 
FORMED  BELLOWS 
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(aj  Maximum  sti?in  range  at  convolution  root  calculated  from  elastic  theory. 


MATERIALS  FOR  BELLOWS  AND  DIAPHRAGMS 


The  extent  to  which  the  service  performance  of  bellows  and  diaphragms  fulfills 
design  predictions  is  strongly  dependent  upon  the  quality  of  the  materials  from  which 
they  are  fabricated  and  the  care  taken  in  their  manufacture.  Material  defects,  weld 
discontinuities,  forming  irregularities,  and  postfabrication  damage  can  all  result  in 
locally  high  stresses  that  may  lead  to  premature  failure. 

Materials  for  formed  bellows  must  be  both  weldable  and  formable.  Although 
smaller  bellows  are  usually  made  from  seamless  tubing,  most  bellows  over  an  inch  in 
diameter  are  made  from  sheet  or  strip  formed  into  a  cylinder  and  longitudinally  seam 
welded.  Welding  is  also  the  preferred  method  of  end-fitting  attachment.  Most  formed 
aerospace  bellows  today  are  made  from  one  of  the  300-series  stainless  steels.  Inconel 
718  is  being  used  increasingly  because  of  its  higher  yield  strength  and  its  relative  im¬ 
munity  to  stress  corrosion.  Titanium  alloys  are  becoming  candidate  materials  for 
formed  aerospace  bellows  because  of  their  corrosion  resistance  and  their  good  strength- 
to-weight  ratios. 

Materials  for  welded  bellows  need  not  have  the  formability  of  materials  for  formed 
bellows.  Therefore,  in  addition  to  the  materials  used  for  formed  bellows,  a  variety  of 
less  formable  alloys  are  used  for  welded  bellows.  It  is  difficult  to  rank  the  welded- 
bellows  alloys  in  order  of  decreasing  usage  because  so  many  different  alloys  are  used 
to  make  welded  bellows  and  no  industry-wide  figures  are  available.  The  300-series 
stainless  steels,  Inconel  718,  and  AM-350  are  among  the  most-used  welded-bellows 
materials,  however. 

Materials  for  deposited  bellows  are  made  in  situ  by  electroplating  or  chemical 
deposition  onto  machined  aluminum  mandrels  that  are  later  chemically  dissolved.  The 
most  common  material  for  electrodepoeited  bellows  is  nickel.  Copper  is  also  used. 
Chemically  deposited  bellows  can  be  made  from  alloys  which,  though  still  over  90  per¬ 
cent  nickel,  contain  significant  percentages  of  other  strengthening  elements.  Both  types 
of  deposited  bellows  can  be  made  with  composite  metal  walls  consisting  of  layers  of 
different  metals.  The  deposited-bellows  industry  is  relatively  young,  and  further  devel¬ 
opments  in  deposited-bellows  materials  can  be  expected. 

Whether  the  strip  of  sheet  used  in  bellows  manufacture  is  purchased  to  any  special 
tolerances  depends  upon  the  end  application  of  the  bellows.  When  the  spring  rate  is  not 
critical  —  bellows  intended  for  expansion  joints,  for  example  -  the  customary  10  percent 
mill-thickness  tolerance  is  satisfactory.  When  the  deflection  characteristics  must  be 
more  carefully  controlled,  materials  may  be  selected  from  warehouse  stock.  In  this 
way,  thickness  may  be  controlled  to  within  about  5  percent  on  a  given  order.  Rerolled 
materials  from  specialty  metal  fabricators  provide  the  best  commercially  obtainable 
thickness  tolerances,  but  are  seldom  used  for  making  formed  bellows.  Manufacturers 
of  welded  bellows  and  diaphragms  using  rerolled  materials  claim  thickness  tolerances 
of  ±0.0G01  inch,  A  more  commonly  quoted  tolerance  is  *0.00025  inch  over  a  20-inch- 
strip  width. 

Opinions  differ  among  manufacturers  as  to  the  desirability  of  a  bright  surface 
finish  on  the  starting  material.  Some  manufacturers  claim  an  improvement  in  the  fatigue 
life  of  bellows  produced  from  bright-finished  material  (No,  2B  finish),  while  others  see 
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no  difference.  Some  manufacturers  also  claim  that  the  bright-finished  material,  con¬ 
taining  more  cold  work  than  the  dull  or  matte-finished  material  (No.  2D  finish),  is  more 
difficult  to  form.  There  is  a  trend  toward  the  use  of  bright-finished  material. 

Although  there  is  some  disagreement  most  manufacturers  see  no  effect  of  "grain", 
or  preferred  orientation,  in  their  starting  material.  The  common  materials  from  which 
formed  bellows  are  fabricated,  when  produced  under  good  control,  are  nearly  isotropic, 
so  preferred  orientation  does  not  appear  to  be  a  serious  problem. 

All  manufacturers  of  bellows  and  diaphragms  use  relatively  small  tonnages  of 
material.  Consequently,  they  are  able  to  purchase  only  materials  melted  according  to 
usual  commercial  practice.  Stainless  steels,  for  example,  are  electric-furnace  melted. 
Although  the  metallurgical  quality  of  stainless  steels  is  good  by  ordinary  standards, 
some  improvement  of  bellows  uniformity  might  be  achieved  by  the  use  of  vacuum-melted 
materials  with  their  lower  inclusion  contents.  Such  materials  have  become  standard 
in  bearings.  Other  alloys,  such  as  Inconel  718,  are  sensitive  to  compositional  varia¬ 
tions.  A  commercial  heat  of  Inconel  718  balanced  for  maximum  high-ternperature  rup¬ 
ture  strength  will  not  have  the  maximum  obtainable  fatigue  strength.  The  bellows  manu¬ 
facturer  buying  a  relatively  small  quantity  of  sheet  often  has  little  control  over  the 
chemistry  of  the  material.  Quantity  purchase  of  heats  of  specially  controlled  materials 
by  large  users  of  bellows,  and  release  of  these  materials  to  bellows  manufacturers 
might  be  a  method  of  significantly  improving  the  uniformity  and  quality  of  bellows 
throughout  the  industry. 

To  discuss  materials  logically,  it  is  necessary  to  group  them  in  a  number  of 
classifications.  The  properties  of  the  materials  grouped  together  in  the  following  dis¬ 
cussion  are  not  identical,  but  they  are  similar  enough  so  that  they  can  be  discussed  in 
general  terms.  The  metallic  materials  which  are  used  in  bellows  and  diaphragms  are 
listed  in  Table  12  and  the  alloy  groups  are  discussed  in  the  following  sections. 


Copper  Alloys 


The  copper  alloys  of  interest  to  the  designer  are  those  with  moderate-to-high 
strength.  These  include  the  beryllium  coppers,  certain  bronzes,  and  othe  -  alloys  with 
strengths  above  50,000  psi.  Yield  strengths  of  150,000  psi  are  readily  obtained  in 
beryllium  copper  by  heat  treatment.  The  proportional  limit  is  fairly  high  for  the  higher 
strength  alloys.  Lower  strength  alloys  have  very  low  or  no  proportional  limit.  The 
toughness  of  the  copper-base  materials  depends  on  the  strength  level.  At  low  to  inter¬ 
mediate  strengths,  the  toughness  is  fairly  high;  at  high  strengths,  toughness  is  not  out¬ 
standing.  These  materials  do  not  undergo  a  ductile-to-brittle  transition  on  cooling. 

The  creep  strength  of  the  copper-base  alloys  is  only  moderate. 

Copper-base  alloys  have  fairly  high  densities  and,  consequently,  only  moderate 
strength-to-density  ratios.  The  copper-base  alloys  have  moderate  moduli  oi  elasticity 
(15  x  10^  to  20  x  106  psi).  They  have  rather  high  coefficients  of  thermal  expansion  and 
moderate  thermal  conductivities. 

Although  many  copper-base-alloy  bellows  and  diaphragms  are  used  in  industrial 
and  consumer  products,  their  use  in  aerospace  applications  is  limited  by  the  severe 
aerospace  corrosion,  temperature,  and  stress  environments  and  the  availability  of 
alloys  with  higher  elastic  moduli. 
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TABLE  12.  TYPICAL  BELLOWS  AND  DIAPHRAGM  ALLOYS 


Type  of  Bellows 

Material  Formed 

Welded  Deposited 

Outstanding  Characteristics 

Copper  Alloys 

Brass,  Bronze,  Beryllium 

Copper,  Zirconium  Copper 

X 

X 

High  proportional  limit,  good  toughness 

Aluminum  Alloys 

5083,  6061,  3075 

Nickel  and  Cupro-nickel  Alloys 

X 

High  strength -weight  ratios,  good  toughness 
at  low  and  intermediate  stress  levels  at 
temperatures  as  low  as  -425  F 

Nickel  200,  Monels 

400,  404,  K-600 

X 

X 

Good  corrosion  resistance;  low  magnetic 
permeability 

TUanium  Alloys 

T1-75A,  T1-6A1-4V 

X 

High  strength,  high  strength-weight  ratio, 
good  creep  strength  to  600  to  700  F 

Low-Alloy  Steels 

4130 

X 

Extremely  high  strength,  high  proportional 
limit,  high  fatigue  strength,  good  creep 
resistance 

Standard  Austenitic  Stainless  Steels 

304,  304L,  310,  316,  321,  347 

X 

X 

Excellent  toughness  to  -423  F,  good  fatigue 
and  creep  strength,  good  neutron-radiation 
resistance;  good  corrosion  and  oxidation 
resistance 

Precipitation -Hardening  Stainless  Steels 

17-4  PH,  17-7  PH, 

PH  15-7  Mo,  AM350 

X 

X 

High  strength,  good  creep  strength,  high 
fatigue  strength 

Other  Iron -Base  Alloys 

19-9  DL,  A-286,  Kovar 

X 

X 

Ditto,  plus  sealability  to  hard  glass  (Kovar) 

Nickel -Base  Alloys  -  Group  1 

Inconels  600,  625,  X-750, 
and  718; 

Incoloy  825;  Hastelloy  C 

X 

X 

Good  high -temperature  strength,  good 
fatigue  strength,  good  toughness,  good 
creep  resistance,  and  good  strength-to- 
rupture 

Nickel -Base  Alloys  -  Group  11 

M  252;  Waspaloy;' 

Udimet  700;  Rene  41; 

Rene  62 

X 

Ditto 

Cobalt -Base  Alloys 

L  605 

X 

" 

Refractory  Metals 

Columbium 

X 

Good  strength  at  extreme  temperature,  high 
proportional  limit,  excellent  fatigue 
strength  above  transition  temperature, 
excellent  creep  strength 

Other  Alloys 

invar,  (Ni-Span-C) 

X 

Zero  thermal -expansion  coefficient  or  con¬ 
stant  elastic  modulus 
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Aluminum  and  Magnesium  Alloys 


These  materials  are  readily  available  in  sheet  form.  From  a  mechanical-  and 
physical-property  standpoint,  aluminum  and  magnesium  are  somewhat  different.  These 
alloys  generally  have  low  strengths.  The  maximum  ultimate  strength  that  can  be  ob¬ 
tained  is  of  the  order  of  75,  000  psi.  The  proportional  limit  of  aluminum  and  magnesium 
alloys  is  poorly  defined  -  the  stress-strain  relationships  tend  to  be  curves  in  the  nomi¬ 
nal  elastic  range.  This  indicates  that  a  hysteresis  problem  may  exist  on  repeated 
loadings. 

These  materials  have  fair  fatigue  strengths.  However,  aluminum  alloys  do  not 
have  true  fatigue  limits.  In  general,  the  longer  the  fatigue  exposure,  the  lower  the 
strength  at  which  failure  occurs.  Aluminum  alloys  have  good  toughness  at  low-to- 
intermediate  strength  levels.  The  toughness  is  not  so  good  at  high  strength  levels. 
However,  these  alloys  do  not  undergo  a  property  transition  during  cooling  below  room 
temperature.  In  particular,  the  fracture  properties  do  not  change  much  at  temperatures 
as  low  as  -425  F. 

Magnesium  alloys  do  not  have  good  fracture  properties.  They  tend  to  exhibit  brittle 
behavior  in  the  presence  of  notches  at  practically  all  temperatures.  Aluminum  and 
magnesium  alloys  are  not  designed  for  use  where  creep  is  of  importance;  although  they 
have  reasonably  good  properties  at  room  temperature,  at  slightly  elevated  temperatures 
(300  to  500  F),  the  creep  strength  drops  off  rapidly. 

Both  aluminum  and  magnesium  alloys  having  low  densities  and  moderate  strengths 
are  available.  This  combination  means  that  fairly  high  strength-to-density  ratios  are 
available.  Magnesium  has  the  lowest  density  of  commercial  structural  materials.  Both 
materials  have  low  moduli  of  elasticity.  Aluminum  alloys  have  high  coefficients  of  ther¬ 
mal  expansion  and  high  thermal  conductivities. 


Nickel  and  Cupro-Nickel  Alloys 


The  Monel  alloys,  which  range  from  approximately  45Ni-55Cu  to  85Ni-15Cu,  are 
available  as  thin  sheet.  Yield  and  ultimate  strengths  are  moderate,  but  their  elastic 
moduli  are  higher  than  those  of  copper  or  aluminum  alloys,  around  25  x  10^  psi.  The 
Monels  do  not  become  brittle  at  low  temperatures,  and  thus  Monel  alloys  are  frequently 
used  for  bellows  intended  for  cryogenic  service.  Monels  are  often  substituted  for  the 
stainless  steels  in  steam  piping  systems  where  stress  corrosion  is  encountered.  Service 
temperatures  are  limited  to  the  400  to  500  F  range  by  the  relaxation  properties  of  these 
alloys,  though  the  alloys  retain  good  oxidation  resistance  to  1000  F.  Thermal -expans ion 
coefficients  and  thermal  conductivities  are  about  average. 

Some  nickel  formed  bellows  are  used  in  chemical  equipment,  but  nickel  is  used 
principally  in  deposited  bellows.  Well-established  techniques  are  available  for  electro¬ 
deposition  and  chemical  deposition  of  nickel.  Small  amounts  of  other  elements  can  be 
codeposited  with  nickel  to  form  alloys  with  improved  strength  properties.  Although 
nickel  is  ferromagnetic  at  room  temperature,  most  of  the  cupro-nickels  are  nonmagnetic 
down  to  liquid-nitrogen  temperatures  and  below. 
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Titanium  Alloys 


The  common  titanium  alloys  are  available  in  sheet  and  foil  thicknesses.  Various 
high-strength  titanium  alloys  are  available.  Ultimate  strengths  of  the  order  of  200,000 
psi  can  be  obtained  with  special  heat  treatments.  The  materials  have  moderately  high 
proportional  limits.  Titanium  alloys  have  good  fatigue  strengths,  and  toughness  is  good 
at  room-temperature  levels  in  materials  with  yield  strengths  of  100,000  psi  or  lower. 

At  higher  strength  levels,  the  toughness  is  mucn  lower  unless  care  is  taken  to  produce 
alloys  with  low  interstitial  (e,  g.  ,  carbon,  oxygen,  nitrogen,  and  hydrogen) -alloy  content. 
The  titanium  alloys  have  high  creep  strengths  at  intermediate  temperatures  (500  to 
700  F). 

Titanium  alloys  have  densities  about  60  percent  that  of  steel.  This,  coupled  with 
the  possible  high  strength,  leads  to  fairly  high  strength-to-density  ratios.  However, 
these  high  levels  are  usually  obtained  at  a  sacrifice  in  toughness.  The  modulus  of 
elasticity  of  titanium  alloys  is  about  15  x  10^  psi,  which  is  lower  than  that  of  most 
high-strength  alloys.  Titanium  alloys  have  rather  low  coefficients  of  thermal  expansion, 
as  well  as  low  thermal  conductivities. 

Aerospace  bellows  have  been  formed  from  titanium  alloys,  and  some  bellows 
manufacturers  expect  titanium  bellows  to  displace  a  significant  fraction  of  the  nickel- 
base-alloy  and  stainless  steel  bellows  presently  popular. 


Stainless  Steels 


Many  varieties  of  stainless  steels  are  commercially  available.  All  stainless 
steels  can  be  characterized  as  containing  chromium  in  amounts  of  12  percent  or  more. 
They  will  be  discussed  here  in  three  classifications.  Steels  in  the  first  classification 
contain  fairly  large  amounts  of  nickel  and  up  to  about  20  percent  chromium.  The  high 
nickel  content  causes  these  steels  to  have  an  austenitic  structure.  These  steels  are 
designated  by  AISI  as  the  300  Series, 

Stainless  steels  in  the  second  group  contain  almost  no  nickel.  This  group  may 
contain  up  to  27  percent  chromium  and  may  be  either  ferritic  or  martensitic,  depending 
on  composition.  These  steels  are  classed  as  the  400  Series.  In  the  third  group  are 
steels  which  have  been  modified  through  alloying  and  heat  treating  to  produce  high 
strengths.  These  are  generally  referred  to  as  precipitation-hardening  stainless  steels. 


Standard  300-Series  Stainless  Steels 


In  general,  availability  of  these  steels  in  thin  sheet  is  excellent,  Since  the  300- 
Series  stainless  steels  have  been  produced  in  relatively  large  tonnages  for  a  number  of 
years,  and  because  they  are  nonheat-treatable  alloys,  they  tend  to  have  more  uniform 
properties  than  many  of  the  other  candidate  aerospace  bellows  and  diaphragm  materials. 
They  have  moderate  strengths,  but  the  strengths  can  be  increased  considerably  by  cold 
working.  Heating  during  fabrication  removes  the  strengthening  effect  of  cold  work. 
These  materials  are  similar  to  aluminum  alloys  in  that  they  do  not  have  a  proportional 
limit.  This  may  lead  to  hysteresis  effects  under  repeated  stress  cycles.  The 
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300-Series  stainless  steels  have  excellent  toughness  down  to  -425  F.  Because  they  do 
not  have  austenitic  structures,  they  do  not  undergo  a  ductile-to-bnttle  fracture  transi¬ 
tion.  These  steels  have  good  fatigue  resistance  and  good  creep  strength  at  moderate 
temperatures  and  are  used  in  steam  power  plants  at  temperatures  as  high  as  1250  F. 

The  300-Series  steels  have  high  density  and  a  modulus  of  elasticity  of  about  30  x 
1 0^  psi.  Because  of  their  normally  low  strengths,  they  have  low  strength-to-densir.y 
ratios.  They  have  high  coefficients  of  thermal  expansion  and  the  lowest  thermal  con¬ 
ductivity  of  all  the  steels.  They  have  good  neutron-radiation-damage  resistance  and,  in 
the  annealed  condition,  have  quite  low  magnetic  susceptibility. 

The  stabilized  {Types  321  and  347)  and  low-carbon  (Type  304L)  stainless  steels 
are  widely  used  as  bellows  materials. 


400-Series  Stainless  Steels 


These  steels  are  readily  available  in  sheet  form,  and  have  been  produced  in  heavy- 
foil  thicknesses.  They  are  not  widely  used  as  bellows  materials,  however.  High 
strengths  (up  to  200,  000  psi  ultimate  tensile  strength)  can  be  obtained  in  some  by  heat 
treatment.  They  have  high  proportional  limits  and  fair  fatigue  properties.  Since  the 
400-Series  stainless  steels  are  ferritic  stainless  steels,  they  undergo  ductile-to-brittle 
fracture  transitions  as  the  temperature  decreases.  Since  they  have  relatively  poor 
toughness  at  room  temperature,  particularly  at  high  strength  levels,  they  may  have 
very  poor  toughness  at  temperatures  just  slightly  below  room  temperature.  They  have 
good  creep  strengths  and  are  used  as  elevated-temperature  structural  materials.  An 
outstanding  attribute  of  the  400-Series  stainless  steel  is  their  oxidation  resistance. 

The  400-Series  stainless  steels  have  high  density  and  about  the  same  modulus  of 
elasticity  as  other  steels.  They  have  moderate  coefficients  of  expansion  and  moderate 
thermal  conductivities. 


Precipitation-Hardening  Stainless  Steels 

The  availability  of  a  number  of  these  steels  in  thin  sheet  is  excellent,  since  they 
have  been  used  in  structural  sandwich  materials  for  several  years.  Some  welded  bellows 
are  made  of  precipitation-hardening  stainless  steels. 

There  are  a  number  of  subclassifications  in  this  general  classification.  Two  are 
considered  here.  One  of  these  has  an  austenitic  structure  after  the  precipitation¬ 
hardening  treatment  (A-286  is  typical  of  this  class).  The  other  class  consists  of  those 
steels  whose  structures  contain  martensite  plus  ferrite  or  austenite  after  heat  treat¬ 
ment,  Such  steels  as  17-7  PH,  AM-350,  and  PH  17-4  Mo  are  typical  of  the  martensitic 
age-hardened  stainless  steels. 

All  of  these  materials  have  high  strengths.  Yield  strengths  of  over  200,  000  psi 
are  obtained  in  commercial  sheet.  Fatigue  strength  is  fairly  high  in  terms  of  pounds 
per  square  inch,  but  is  not  so  high  expressed  as  a  percentage  of  tensile  strength.  Un¬ 
fortunately,  the  same  thing  can  be  said  about  most  high-strength  materials.  The  marten¬ 
sitic  materials  have  fair  toughness  at  room  temperature  and  this  persists  down  to  about 


49 


-100  F,  below  which  these  materials  have  poor  toughness.  As  strength  increases,  the 
toughness  decreases.  The  austenitic  steels  have  about  the  same  room-temperature 
toughness  as  the  martensitic  steels,  but  the  toughness  persists  to  a  much  lower  temper¬ 
ature.  The  martensitic  alloys  generally  have  good  creep  strengths  at  temperatures  up 
to  about  800  F,  at  which  point  a  rapid  drop  in  strength  occurs .  The  austenitic  materials 
have  somewhat  lower  creep  strengths  at  low-to-intermediate  temperatures,  but  do  not 
experience  such  a  rapid  drop  in  strength  in  the  higher  temperature  range. 

All  of  the  precipitation-hardening  stainless  steels  have  high  density  and  the 
modulus  of  elasticity  is  about  the  same  as  that  of  other  steels  (30  x  10^  psi).  The  mar¬ 
tensitic  steels  have  moderate  coefficients  of  thermal  expansion  and  low  thermal  con¬ 
ductivities.  The  austenitic  steels  have  low  coefficients  of  thermal  expansion  and  low 
thermal  conductivities. 


Low-Alloy  Steels 


The  low-alloy  steels  contain  chromium,  but  not  enough  to  be  classed  as  stainless 
steels.  They  are  available  in  sheets  down  to  the  order  of  0.050  inch  thick.  Some 
formed  bellows  for  expansion  joints  ha  -  e  been  made  from  this  class  of  alloy.  They 
attain  their  strengths  througn  quench-and-temper  heat  treatment  and  some  can  be  heat 
treated  to  very  high  strengths.  Ultimate  strengths  of  300,  000  psi  have  been  obtained. 
These  steels  generally  have  high  ratios  of  yield  strength  to  ultimate  strength.  Their 
proportional  limit  is  high.  They  have  good  fatigue  strength  in  absolute  terms,  but  it  is 
only  fair  in  terms  of  percentage  of  yield  strength.  Their  toughness  is  fairly  good  at 
room  temperatures  at  yield  strengths  below  about  180,000  psi,  but  toughness  decreases 
rapidly  as  the  yield  strength  increases  above  this  le  /el.  At  the  lov/er  strength  level, 
the  toughness  transition  is  likely  to  occur  at  temper  itures  only  slightly  below  room 
temperature.  Steels  in  this  group  generally  have  good  creep  resistance  to  temperatures 
of  about  1000  F. 

Although  these  steels  have  fairly  high  density,  high  yield-to-density  ratios  can  be 
obtained  because  of  the  high  strengths  that  are  available.  Their  modulus  of  elasticity 
is  the  same  as  that  of  other  steels.  They  have  moderate  coefficients  of  thermal  expan¬ 
sion  and  moderate  thermal  conductivities. 


Other  Iron-Base  Alloys 


This  group  of  heat-resistant  alloys  is  identified  separately  in  Table  12  because  of 
composition.  Tneir  properties  are  similar  to  those  of  the  nickel-  and  cobalt-base  alloys 
discussed  below. 


Nickel-  and  Cobalt-Base  Alloys 


This  class  of  materials  has  been  produced  in  sheet,  for  use  in  gas-turbine  engines, 
for  several  years.  The  availability  in  relatively  thin  sheet  is  good.  Most  nickel-  and 
cobalt-base  alloys  are  designed  to  have  good  strength  at  elevated  temperatures.  They 


50 


have  moderate  strength  at  room  temperature,  but  retain  this  strength  at  very  high  tem¬ 
peratures.  The  less  formable  alloys  that  can  be  used  only  for  welded  bellows  and  dia¬ 
phragms  are  listed  separately  in  Table  12.  These  alloys,  identified  as  Group  II,  can 
be  used  at  somewhat  higher  temperatures  than  can  the  alloys  under  Group  I.  The  nickel 
and  cobalt  alloys  have  moderately  high  proportional  limits,  good  fatigue  properties,  and 
generally  good  toughness  at  low  temperatures.  Since  thev  are  designed  primarily  to  be 
used  as  high-temperature  alloys,  they  have  good  creep  and  rupture  properties  at  high 
temperatures. 

These  alloys  have  fairly  high  densities  and  low  strength-to-density  ratios  at  room 
temperature.  However,  their  strength-to-density  ratios  remain  almost  constant  over  a 
wide  temperature  range.  The  nickel-base  alloys  have  moduli  of  elasticity  of  about  30  x 
10&  psi;  the  cobalt-base  alloys  have  moduli  of  36  x  10^  psi.  Both  alloys  have  moderate 
coefficients  of  thermal  expansion  and  moderate  conductivities. 

A  number  of  nickel-base  and  cobalt-base  heat-resistant  alloys  are  used  to  make 
bellows,  as  shown  in  Table  12, 


Refractory  Metals 


In  this  discussion,  refractory  metals  include  tungsten,  molybdenum,  tantalum, 
columbium,  and  their  alloys.  The  availability  of  these  materials  is  fairly  good  in  thin 
sheet.  However,  the  cost  may  be  extremely  high  and  availability  is  marginal  if  foil 
gages  are  needed.  The  refractory  metals  and  their  alloys  have  moderate  strengths  at 
room  temperature.  However,  their  strengths  at  high  temperatures  are  excellent.  They 
have  the  highest  strengths  of  all  metals  above  a  temperature  range  of  1800  to  2000  F, 
and,  in  fact,  are  about  the  only  usable  metals  above  this  tempera  ure  range.  These 
materials  oxidize  rapidly  above  about  1200  F.  At  this  temperature  and  higher,  oxida¬ 
tion  can  become  catastrophic  and  can  lead  to  failure  in  extremely  short  periods  of  time. 
The  refractory  metals  have  high  proportional  limits.  Their  fatigue  strengths  are  ex¬ 
cellent  when  tested  above  the  tough-to-brittle  transition  temperatures  and  fair  even 
below  the  transition  temperatures.  The  transition  temperatures  of  the  refractory 
metals  vary  over  a  wide  range.  Tungsten  and  molybdenum  have  toughness  transition 
temperatures  at  about  800  F  and  400  F,  respectively.  On  the  other  hand,  tantalum  and 
columbium  have  good  toughness  down  to  -425  F.  The  creep  strengths  of  these  alloys 
aie  excellent  at  high  temperatures.  They  have  very  high  densities,  which  means  that 
the  strength-to-density  ratios  are  low.  However,  if  metallic  materials  are  needed  for 
service  above  2000  F,  there  are  no  other  choices  but  the  refractory  metals,  and  pro¬ 
tective  coatings  are  necessary  for  service  in  air  at  these  temperatures.  In  general, 
these  metals  have  low  coefficients  of  thermal  expansion  and  fairly  high  thermal 
conductivities. 

Experience  in  fabricating  bellows  from  the  refractory  metals  is  very  limited,  but 
some  alloys  are  sufficiently  formable  and  weldable  for  use  in  bellows. 
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Other  Alloys 


There  are  two  types  of  nickel-base  alloys  which  are  not  designed  for  high  strength 
but  are  used  for  instrument  diaphragms  or  bellows.  Invar  alloys  are  a  group  of  special 
nickel  alloys  which  are  designed  to  have  a  nearly  zero  coefficient  of  thermal  expansion 
over  about  a  150  F  temperature  range  near  room  temperature.  Ni-Span-C  is  a  special 
nickel  alloy  which  is  designed  to  have  a  nearly  constant  elastic  modulus  and  a  low 
thermal-expansion  coefficient  over  a  fairly  wide  temperature  range.  It  is  used  when  it 
is  important  that  the  effects  of  temperature  on  stresses  and  deflections  be  minimized. 
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MANUFACTURING  CONSIDERATIONS 


The  manufacturing  processes  for  formed,  welded,  and  deposited  bellows  are  dis¬ 
cussed  in  the  following  sections.  Diaphragm  manufacture  is  considered  under  welded 
bellows,  since  diaphragms  are  made  by  similar  methods.  Considerations  common  to 
all  bellows  and  diaphragm  manufacture  are  given  separately. 


Formed  Bellows 


The  formed-bellows  manufacturing  process,  shown  in  Figure  2,  begins  with  the 
fabrication  of  a  thin  metal  cylinder.  For  small  bellows,  the  metal  cylinder  is  usually 
a  seamless  tube.  For  bellows  having  diameters  greater  than  1  inch,  the  cylinder  is 
fabricated  from  flat  sheet  or  strip  having  a  high-quality  surface  and  cortaining  no  visi¬ 
ble  damage  to  the  edges.  After  the  sheet  has  been  cut  to  size  by  a  shearing  operation, 
it  is  roll -formed  to  a  cylindrical  shape.  Typically,  the  cylinder  is  somewhat  overformed 
in  order  to  assure  that  the  edges  will  meet  satisfactorily. 


Longitudinal  Seam  Welding 

The  formed  cylinder  is  then  placed  in  a  welding  fixture  consisting  of  a  rigid  backup 
and  hold-down  clamps,  and  a  butt  weld  of  the  gas -tungsten-arc  type  (GTA;  also  known  as 
TIG)  is  made  along  the  mated  edges  of  the  sheet.  The  technology  of  making  such  welds 
is  well  advanced,  and  manufacturers  are  capable  of  making  welds  in  material  as  thin 
as  0.  003  inch.  Most  welds  are  longitudinal,  but  one  manufacturer  uses  a  helical  weld 
for  small  bellows. 

Depending  on  the  cylinder-wall  thickness  and  material,  it  may  be  necessary  to  add 
metal  while  making  the  weld.  Metal  addition  is  usually  required  for  welds  in  sheets  over 
about  0,  01  inch  thick  to  maintain  a  weld  bead  thicker  than  the  base  metal.  If  welding  rod 
or  wire  of  suitable  composition  is  available  for  the  material  comprising  the  bellows,  it 
can  be  fed  into  the  arc  as  the  weld  is  made,  This  procedure  is  known  as  cold- wire 
addition.  Metal  to  form  the  weld  bead  can  also  be  obtained  by  the  melting  during  welding 
of  a  flange  that  has  previously  been  bent  up  along  the  edge  of  the  metal.  Cold-wire 
addition  gives  better  dimensional  control  of  the  resulting  cylinder,  but  flange  burndown 
is  less  likely  to  introduce  contaminants  into  the  weld.  When  conditions  permit,  a 
square-butt  joint  is  made  without  any  metal  addition.  Some  bellows  manufacturers  are 
able  to  make  seam  welds  in  stainless  steels  without  additions,  but  must  make  additions 
to  welds  in  other  alloys  of  the  same  thickness.  In  the  formed  bellows  made  of  Type  321 
stainless  steel  and  Inconel  718  that  were  tested  during  the  program,  there  was  no  notice¬ 
able  tendency  for  fatigue  failure  to  occur  in  the  longitudinal  butt  welds,  attesting  to  the 
reliability  of  this  operation. 

Before  the  GTA-welding-process  technology  had  been  developed  sufficiently  to 
make  welds  in  very  thin  material,  longitudinal  weld  seams  were  made  using  a  resistance- 
lap  seam -welded  joint.  Although  some  bellows  are  still  made  with  this  type  of  joint,  the 
overlapped  region  is  a  stress  raiser  and  may  present  cleaning  problems. 
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Planishing 


Many  manufacturers  cold  work  the  weld  zone  with  a  pair  of  crowned  opposed  rolls 
in  a  planishing  operation.  Planishing  must  be  carefully  controlled  in  order  that  the  wall 
thickness  in  the  vicinity  of  the  weld  zone  is  not  reduced  below  the  base-metal  wall  thick¬ 
ness.  Total  reduction  of  the  weld  bead  by  planishing  should  be  limited  to  about  5  percent. 
Some  manufacturers  do  not  use  planishing  because  of  the  danger  of  wall  thinning,  while 
others  use  it  only  for  certain  materials.  Planishing  cannot  be  used  in  those  materials 
where  the  cold  working  might  induce  fusion-zone  cracking. 


Multi-Ply  Bellows 

In  the  fabrication  of  multi -ply  bellows,  a  series  of  tubes,  sized  to  fit  closely  one 
inside  another,  are  cleaned  and  assembled  ready  for  the  forming  operation.  The  cleaning 
at  this  stage  is  particularly  important  since  it  is  exceedingly  difficult,  if  not  impossible, 
to  remove  contaminating  materials  that  have  been  trapped  between  the  plies  once  the 
convolutions  have  been  formed.  Best  practice  is  to  LOX  clean  the  individual  plies  prior 
to  assembly.  This  will  insure  that  contaminants  are  not  trapped  between  plies. 


Forming 

Almost  every  manufacturer  uses  a  unique  forming  machine  of  proprietary  design. 
Although  these  machines  fall  into  several  basic  categories,  there  are  differences  in  de¬ 
tail  which  may  significantly  affect  the  performance  of  the  fabricated  bellows.  The  basic 
categories  of  forming  machines  are  as  follows: 

(1)  Hydraulic,  simultaneously  formed  convolutions 

(2)  Hydraulic,  individually  formed  convolutions 

(3)  Hydrostatic,  rubber  pressure  medium 

(4)  Mechanical  rolls 

(5)  Mechanical  expansion  tools. 

In  the  hydraulic  process  with  simultaneous -convolution  formation  the  ends  of  the 
tube  are  first  closed  by  movable  platens.  The  end  sections  of  the  bellows  are  constrained 
in  cylindrical  dies  that  may  be  part  of  the  platens,  A  series  of  split  rings,  one  less  than 
the  number  of  convolutions  desired,  is  carefully  spaced  along  the  length  of  the  tube. 
Hydraulic  pressure  is  then  applied  to  the  interior  of  the  tube,  causing  the  tube  to  bulge 
outward  between  the  split  rings. 

From  this  point,  the  processes  of  the  various  manufacturers  differ.  Some  manu¬ 
facturers  leave  the  rings  in  place  throughout  the  entire  convolution-formation  operation. 
Some  manufacturers  attach  the  rings  to  a  pantograph  during  forming  to  maintain  uni¬ 
formity.  Others  remove  the  rings  completely  at  this  point  and  complete  the  convolu¬ 
tion  formation  with  the  tube  entirely  free  of  restrictions  except  at  the  ends.  This  latter 
method  is  claimed  to  be  advantageous,  since  it  requires  a  minimum  of  contact  of  the 
tube  with  metallic  tooling..  During  the  formation  of  the  convolutions,  the  platens  must 
be  moved  together  to  accommodate  the  shortening  of  the  tube.  Some  manufacturers 
accomplish  the  movement  of  the  platens  and  the  regulation  of  the  hydraulic  pressure  by 
hand,  while  ethers  have  applied  automatic  controls  to  the  process.  Automatic  controls 
are  desirable  from  the  standpoint  of  product  uniformity. 
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It  may  be  necessary  to  form  the  convolutions  in  several  stages,  depending  upon 
the  material  and  upon  the  depth  of  convolution  desired  relative  to  the  tube  diameter  and 
wall  thickness.  Some  manufacturers  process-anneal  their  tubes  following  the  initial 
bulging  operation.  Others  find  it  necessary  to  stop  several  times  during  convolution 
formation,  remove  the  split  dies,  clean,  process-anneal,  and  reassemble  the  tube  in 
the  forming  machine.  Still  other  manufacturers  restrict  their  product  line  to  convolution 
depths  that  can  be  formed  in  their  materials  using  a  single  operation,  thus  eliminating 
process-annealing.  Manufacturers'  processes  also  appear  to  differ  widely  in  the  amount 
of  forming  that  can  be  accomplished  between  anneals. 

Some  manufacturers  form  each  convolution  individually,  using  essentially  the 
same  process  as  described  above  but  with  the  hydraulic  fluid  confined  to  that  region  of 
the  tube  where  the  convolution  is  to  be  formed.  The  tube  is  first  bulged.  Then  the 
external  clamp  holding  the  unformed  portion  of  the  tube  is  moved  forward  a  preset 
distance  to  form  a  convolution.  The  operation  is  repeated  after  the  tube  is  indexed  to 
the  next  convolution  position.  It  is  claimed  that  this  forming  mechod  gives  more  uniform 
convolutions  than  the  methods  in  which  convolutions  are  formed  simultaneously. 

A  variant  of  the  hydraulic  process  is  one  in  which  the  hydraulic  oil  is  replaced  by 
a  rubber  form.  Under  pressure,  tht.  rubber  acts  as  a  hydrostatic  fluid.  Its  use  elim¬ 
inates  the  need  for  the  presence  of  oil.  Oil  can  cause  carburization  and  possible  embrit¬ 
tlement  of  the  metal  if  it  is  not  completely  removed  prior  to  process  a  mealing  or  final 
heat  treatment.  Residues  from  oil  have  also  been  known  to  cause  pit-type  corrosion. 

Perhaps  the  oldest  method  of  forming  bellows  is  that  of  shaping  the  convolutions  by 
mechanical  tools  while  rotating  the  tube  (called  roll  forming).  As  in  the  hydraulic  pro¬ 
cesses,  there  is  considerable  varietv  among  the  machines  for  roll  forming.  Some  roll- 
form  tooling  resembles  a  lathe  on  which  the  tube  to  be  formed  is  slipped  over  a  centered 
rotating  grooved  die.  An  external  tool  is  then  used  to  press  the  tube  into  the  grooves  in 
the  die,  one  groove  at  a  time.  Another  type  of  tooling  makes  use  of  two  small  coaxial 
wheels  over  which  the  tube  is  placed.  While  these  wheels  are  rotated,  thus  rotating  the 
tube,  a  third  wheel  is  brought  down  between  the  other  wheels,  thus  forming  a  convolution. 
The  tube  is  then  indexed  one  pitch  distance,  and  the  operation  is  repeated.  Considerable 
ingenuity  by  the  manufac'.  :rers  who  use  the  roll -forming  process  has  led  to  the  ability  to 
roll  form  the  convolutions  outward  as  well  as  inward.  However,  roll-formed  bellows 
are  currently  in  disfavor  among  some  users  because  of  the  possibility  of  creating  sur¬ 
face  defects  and  smearing  metal  over  these  defects  in  such  a  way  that  they  are  hidden. 

A  second  objection  to  roll-formed  bellows  that  is  often  cited  is  the  excessive  wall 
thinning  at  the  roots  or  crowns  of  the  convolutions  that  may  be  encountered  if  forming 
is  not  done  carefully  enough.  Successful  hydraulic  forming  of  bellows,  on  the  other 
hand,  constitutes  a  proof  test  of  sorts. 

It  may  be  necessary  to  set  the  pitch  of  the  formed  convolutions  in  a  separate 
operation  if  the  manufacturing  method  used  results  in  unacceptable  variations  in  pitch. 
This  is  done  using  shaped  rolls  similar  to  roll-forming  tooling,  but  using  them  in  such 
a  way  that  they  are  merely  run  around  the  circumferences  of  successive  convolution 
without  deepening  them.  Necessity  to  alter  the  pitch  of  the  convolutions  by  more  than 
about  15  percent  in  this  way  is  an  indication  that  convolution-forming  dies  may  not  be  of 
the  proper  size  for  the  bellows  being  produced. 
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Convolution  Shapes 


The  closeness  with  which  the  desired  convolution  shape  described  by  the  design 
drawing  is  approximated  by  the  actual  bellows  depends  on  a  variety  of  factors.  Different 
manufacturing  processes  differ  in  their  ability  to  produce  uniform  convolutions.  For  a 
given  manufacturing  process  and  bellows  material,  convolution  shapes  will  tend  to  be 
more  uniform  the  thicker  the  wall  and  the  larger  the  bellows  diameter.  Conical  sec¬ 
tions  of  the  convolutions  are  seldom,  if  ever,  flat  over  their  entire  depth,  but  tend  to  be 
arched. 

The  rippled- sidewall  bellows,  a  type  of  formed  bellows  having  relatively  deep 
convolutions  and  corrugated,  rather  than  arched,  sidewalls,  has  been  introduced  within 
the  last  several  years.  The  overall  convolution  shapes  of  these  bellows  are  similar  to 
welded  bellows  of  the  nested-ripple  type  shown  in  Table  1,  except  that  there  are  no  root 
and  crown  welds.  Convolutions  are  formed  by  expanding  the  metal  hydraulically  into 
closed  dies  containing  the  corrugations  and  then  collapsing  the  convolutions  by  com¬ 
pressing  the  roots  and  crowns. 

Details  of  convolution  shapes  other  than  outer-torus  radii  are  difficult  to  determine 
by  nondestructive  inspection  methods.  The  only  reliable  method  of  determing  convolu¬ 
tion  shapes  that  is  presently  available  consists  of  encapsulation  and  diametral  cross 
sectioning  of  a  bellows. 

Manufacturers  sometimes  alter  the  shapes  of  the  end  convolutions  to  decrease  the 
likelihood  of  end  effects.  These  alterations  may  consist  of  decreasing  the  convolution 
depths  or  increasing  the  convolution  pitch. 


Convolution  Thickness 


Formation  of  the  convolutions  in  formed  bellows  is  accompanied  by  local  thinning 
of  the  metal.  Whether  the  point  of  maximum  thinning  is  located  at  the  roots,  crowns, 
or  along  the  conical  sections  of  the  convolutions  is  determined  by  the  ratio  of  convolu¬ 
tion  depth  to  pitch  and  to  some  extent  by  the  details  of  the  manufacturing  process. 

Some  manufacturers  claim  to  hold  the  amount  of  wall  thinning  during  forming  to 
5  percent.  Others  allow  10  to  20  percent  thinning.  With  the  different  manufacturing 
processes,  there  will  be  characteristic  percentages  of  thinning  for  any  given  set  of 
bellows  dimensions.  The  wall  thinning  is  accompanied  by  strain  hardening  of  the 
material.  The  amount  of  strain  hardening  for  a  given  amount  of  thinning  depends  in  a 
subtle  way  upon  the  precise  details  of  the  metal  flow  during  forming.  The  relationships 
of  wall  thinning,  strain  hardening,  formability  limits,  and  metal -flow  directions  are 
poorly  understood  as  they  apply  to  bellows  fabrication.  Although  thinning  in  a  convolu¬ 
tion  is  acceptable,  the  convolutions  should  be  similar  to  each  other. 


Sealing  of  Multi-Ply  Bellows 

Some  multi-ply  formed  bellows,  particularly  those  intended  for  steam  piping 
service,  are  often  left  with  the  space  between  plies  unsealed.  Vent  holes  are  even  pro¬ 
vided  in  the  outer  plies  in  some  bellows.  Unsealed  construction  is  likely  to  be  found 
in  multi-ply  bellows  made  from  alloys  that  must  be  heat  treated  after  forming. 
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The  reason  for  this  is  that  air  and  moisture  trapped  between  plies  of  a  seeded  bellows 
may  create  sufficient  internal  pressure  between  the  plies  at  high  temperature  to  cause 
gross  deformation  and  ballooning  of  the  bellows.  Unsealed  multi-ply  bellow?  have  the 
disadvantage  that  corrosive  agents  can  get  between  the  plies,  where  they  may  cause 
premature  failure  by  stress  corrosion. 

The  best  practice  for  the  manufacture  of  multi-ply  aerospace  bellows  would  seem 
to  be  to  weld  the  clean,  formed  plies  together  around  most  of  their  circumference  at 
each  end  of  the  bellows,  heat  treat,  and  them  complete  the  seal  welds  as  soon  as  possi¬ 
ble.  The  heat  treatment  should  never  be  used  as  a  method  of  burning  out  oil  or  other 
contaminants  on  or  between  plies  of  bellows.  Such  residues  can  cause  carburization  and 
embrittlement  of  the  metal  and  may  cause  local  corrosion. 

Multi-ply  bellows  intended  for  low-temperature  service  should  be  sealed  with 
only  dry  gas  or  vacuum  between  the  plies,  since  moisture  will  freeze  out  in  service, 
affecting  the  spring  rate.  Electron-beam  welding  in  vacuum  is  probably  the  safest 
method  of  sealing  multi -ply  bellows. 


Welded  Bellows  and  Diaphragms 


Figure  3  shows  the  steps  in  the  manufacture  of  welded  bellows  and  diaphragms. 
The  blanking  and  forming  processes  are  similar  in  principle  for  both  products. 


Blanking 

The  process  begins  with  the  blanking  of  doughnut-shaped  disks,  called  diaphragms, 
from  sheet  material.  The  blanking  operation  must  be  carefully  done,  using  dies  that 
are  in  good  adjustment  to  minimize  the  formation  of  burrs.  Any  burrs  which  are  formed 
on  the  edges  of  the  diaphragms  must  be  removed  to  obtain  good  fitup  for  subsequent 
welding. 


Forming 

Corrugations  in  diaphragms  are  introduced  by  spinning,  stamping,  or  by  hydro¬ 
static  pressure.  The  spinning  is  done  in  a  lathe  by  pressing  the  metal  against  a  corru¬ 
gated  form.  This  results  in  a  certain  amount  of  cold  working  which  improves  the  life 
of  the  diaphragm.  Some  manufacturers  stamp  the  diaphragms  first  and  finish  them  by 
spinning.  Spinning  is  subject  to  the  same  possible  objections  as  roll  forming  of  formed 
bellows. 

In  the  stamping  process,  two  mating  steel  dies  are  generally  used.  Some  dies  are 
made  so  that  they  make  contact  only  with  the  material  on  concave  sides  of  the  corruga¬ 
tions.  The  depth  can  be  adjusted  through  a  wide  range.  The  die  can  be  made  such  that 
the  corrugations  are  formed  in  succession  from  the  inside  to  the  outside,  thus  drawing 
the  material  gi  adually  from  the  outside.  In  order  to  reduce  friction,  a  lubricant  may  be 
used  between  the  material  and  the  polished  die. 
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FIGURE  3.  MANUFACTURING  FLOW  SHEET  FOR  WELDED  BELLOWS 
AND  DIAPHRAGMS 
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In  the  hydrostatic  process,  a  metal  blank  is  clamped  against  a  corrugated  die  and 
hydraulic  pressure  or  pressure  from  steel -backed  rubber  forces  the  blank  against  the 
die.  Small  bleed  holes  relieve  the  pressure  between  the  blank  and  the  die. 

The  material  may  be  annealed  prior  to  forming  to  make  it  more  easily  worked. 
After  formation,  the  diaphragm  may  be  heat  treated  to  reduce  the  residual  stresses 
created  by  the  forming  operation,  and,  for  some  materials,  to  increase  the  strength. 
The  type  of  heat  treatment  required  before  and  after  forming  is  a  function  of  the  ma¬ 
terial  and  of  the  diaphragm  shape. 


Inner -Diameter  Welding 

A  pair  of  diaphragms  are  placed  in  a  welding  jig  with  the  inner  diameters  in  con¬ 
tact  and  clamped  with  chill  blocks  on  either  side  of  the  joint.  An  edge  weld  is  then  made 
around  the  inner  circumference.  This  operation  is  usually  accomplished  with  the  gas- 
tungsten-arc  process  (GTA  or  TIG),  but  some  manufacturers  claim  more  uniform  welds 
with  the  electron-beam  process.  The  welded  pair  of  diaphragms  is  referred  to  as  a  con¬ 
volution,  The  welding  operation  is  repeated  for  the  number  of  convolutions  desired  in 
the  bellows. 

In  the  case  of  diaphragms,  the  end  fittings  can  be  attached  at  this  point  by  arc  or 
resistance  welding.  If  end  fittings  are  to  be  attached  by  soldering,  the  diaphragms  must 
be  heat  treated  first. 


Outer -Diameter  Welding 

The  convolutions  are  stacked  in  another  welding  fixture  with  the  outer  diameters  of 
adjacent  convolutions  in  contact,  split  chill  rings  being  used  between  the  mated  pairs  of 
surfaces,  and  the  outer  diameters  are  welded  in  the  same  manner  as  the  inner 
diameters. 

Most  welded- bellows  manufacturers  use  a  semiautomatic  form  of  the  GTA  weld¬ 
ing  process  in  which  the  material  to  be  welded  is  rotated  beneath  a  stationary  torch. 

Upon  completion  of  a  weld,  the  fixture  is  moved  to  the  next  weld  position  and  the  process 
is  repeated.  Some  manufacturers  now  use  electron- beam  welding,  at  least  for  the  outer- 
diameter  welds.  Small-scale  plasma- arc  welding  equipment  has  recently  become  com¬ 
mercially  available..  Both  of  these  latter  processes  are  less  sensitive  to  slight  changes 
in  power  or  arc  length  than  the  GTA  process  for  welding  thin  metals.  Electron-beam 
welding  is  particularly  attractive  for  making  the  outer -diameter  welds  when  diaphragms 
are  joined  to  make  aneroid  capsules,  since  welding  and  evacuation  can  be  done 
simultaneously. 

Many  of  the  welding  difficulties  chat  occur  in  welded  bellows  are  related  to  the 
bellows  materials,  some  of  which  are  not  as  weldable  as  the  alloys  used  for  formed 
bellows.  Heat-resistant  alloys,  most  of  which  are  vacuum  melted,  typically  contain 
two  or  more  phases  and  undergo  various  solid -solution  and  precipitation  reactions  during 
the  thermal  cycle  associated  with  welding.  In  some  alloys,  these  reactions  may  result 
in  loss  of  ductility  or  strength  in  the  weld  heat-affected  zone.  These  materials  problems 
will  not  be  entirely  eliminated  regardless  of  which  welding  process  is  used. 
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Multi-Ply  Welded  Bellows 


An  increasing  number  of  two-ply  welded  bellows  are  being  produced.  Techniques 
for  their  manufacture  are  analogous  to  those  for  single-ply  bellows  except  that  pairs  of 
diaphragms  are  used.  Extreme  care  must  be  taken  to  see  that  diaphragm  surfaces  are 
clean,  so  that  no  contaminants  are  trapped  between  plies.  The  weld  bends  in  two-ply 
bellows  will  be  proportionately  larger  than  for  single-ply  bellows,  and  will  thus  require 
melting  of  more  metal  and  use  of  higher  welding  cements.  There  may  be  difficulty  in 
making  the  outer -diameter  welds  due  to  blowout  of  the  weld  pool  by  gas  from  between 
plies.  If  this  condition  occurs,  electron-beam  welding  of  the  outer-diameter  seams 
should  be  considered. 


Heat  Treating 

The  final  heat  treating  required  in  a  completed  bellows  is  dictated  by  the  material. 
Best  strengths  m  the  welds  are  usually  obtained  by  going  through  a  complete  solution 
and  aging  treatment  rather  than  by  using  an  aging  treatment  only.  Care  must  be  taken 
to  avoid  grain  growth  in  the  material  during  heat  treatment.  Since  the  heat-treating 
temperatures  are  typically  rather  high,  approaching  2000  F  in  some  cases,  bellows  must 
be  heat  treated  in  jigs  to  maintain  the  desired  convolution  shapes  and  free  lengths.  Be¬ 
cause  of  the  thin  cross  sections  of  bellows  and  diaphragms,  heat  treatments  that  some¬ 
times  differ  from  those  recommended  in  handbooks  have  had  to  be  worked  out  by  manu¬ 
facturers.  They  usually  differ  in  requiring  shorter  times  and/or  lower  temperatures, 
but  details  are  often  considered  proprietary  by  each  manufacturer. 


Deposited  Bellows 


Deposited  bellows  are  produced,  as  outlined  in  Figure  4,  either  by  electroplating 
or  by  chemical  deposition.  Both  of  these  processes  offer  freedom  from  several  of  the 
restrictions  on  formed  or  welded  bellows.  Very  thin  walls  (0.0003  inch)  can  be  achieved, 
thus  resulting  in  bellows  that  have  extremely  low  spring  rates.  Also,  deposited  bellows 
need  not  be  axisymmetric  and  may  be  of  variable  cross  section  along  their  length.  Al¬ 
though  the  base  material  for  deposited  bellows  is  usually  nickel,  it  is  possible  to  produce 
chemically  deposited  bellows  of  at  least  one  proprietary  nickel  alloy,  and  it  is  possible 
to  use  composite  wall  structures  in  electrodeposited  bellows  by  plating  successive  layers 
of  different  metals,  such  as  nickel  and  copper. 

Deposited  bellows  are  made  on  mandrels  that  have  been  machined  to  the  precise 
shape  desired,  and  apparently  6061  aluminum  alloy  is  universally  used  as  the  mandrel 
material.  A  separate  mandrel  must  be  used  for  each  bellows,  and  imperfections  in  the 
surface  of  the  mandrel  will  be  reflected  in  the  structure  of  the  bellows.  The  expense  of 
machining  and  finishing  the  mandrels  to  the  rigid  quality  requirements  necessary  is  a 
major  cost  item  in  the  manufacture  of  deposited  bellows. 

After  the  bellows  have  been  deposited  on  the  mandrels,  the  mandrels  are  dissolved 
away,  presumably  in  an  alkaline  solution  in  order  not  to  damage  the  bellows.  The  bellows 
may  then  be  gold  plated,  although  this  is  not  essential,  and  end  fittings  are  soldered  in 
place.  Soldering  is  often  used  because  of  the  thinness  of  the  bellows  walls.  Welded  end 
fittings  can  be  used  for  thicker-walled  deposited  bellows,  A  limited  number  of  dia¬ 
phragms  have  also  been  made  by  this  process. 
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FIGURE  4.  MANUFACTURING  FLOW  SHEET  FOR  DEPOSITED  BELLOWS 
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End-Fitting  Design 


The  design  and  attachment  of  end  fittings  is  influenced  by  the  system  in  which  the 
bellows  is  to  be  used.  Seam  welding,  either  arc,  electron  beam,  or  electric  resistance, 
is  the  preferred  joining  method  for  end-fitting  attachment.  The  use  of  welded  end 
fittings  results  in  the  lightest  construction  and  gives  better  high-temperature -service 
capability  than  that  provided  by  other  joining  methods. 

Brazing  and  soldering  require  the  use  of  fluxes  that  may  cause  corrosion  if  not 
completely  removed.  They  also  introduce  a  foreign  metal  into  the  joint  which  may  pre¬ 
sent  galvanic  corrosion  problems.  However,  soldering  is  the  only  practical  end-fitting- 
attachment  method  for  extremely  thin-walled  deposited  bellows.  There  may  be  cases 
where  heat-treatment  requirements  of  the  support  structure  dictate  the  use  of  soldering 
or  brazing  in  preference  to  welding. 

The  most  difficult  end-fitting -attachment  problems  are  those  where  small  bellows 
must  be  installed  in  a  severely  cramped  space  in  a  device.  Access  and  fixturing  require¬ 
ments  for  making  the  attachment  joints  should  be  considered  during  the  early  stages  of 
the  device  design  and  should  be  kept  in  mind  through  its  evolution  to  the  final  design. 

Figure  5  shows  typical  end -fitting -joint  configurations.  Three  of  the  joints  shown 
can  be  made  with  gas-tungster.-arc,  plasma-arc,  or  electron -beam  equipment.  The 
fourth  is  a  design  for  electric-resistance-seam  welding  and  is  particularly  adapted  for 
ducting  applications.  The  corner -flange  weld  is  widely  used  on  both  formed  and  welded 
bellows. 

End-fitting  materials  that  are  metallurgically  compatible  with  the  bellows  material 
must  be  chosen  if  welding  is  to  be  the  joining  method. 

The  flanges  shown  in  the  corner-flange  and  arc-seam  joint  designs  (a  and  d  in 
Figure  5)  should  not  exceed  two  or  three  times  the  thickness  of  the  bellows  material. 

The  flange  of  the  corner-flange  joint  should  have  a  straight  section  about  four  times  the 
bellows  wall  thickness.  The  bottom  radius  of  the  flange  groove  in  the  end  fitting  should 
be  constant  and  about  four  times  the  bellows  wall  thickness.  The  smooth  curvature  helps 
maintain  adequate  gas  shielding  during  welding  by  minimizing  turbulence.  Best  welding 
practice  includes  the  use  of  shielding  gas  introduced  to  the  back  side  of  the  weld  as  well 
as  gas  from  the  welding  torch. 

For  applications  involving  corrosive  fluids,  end-fitting-joint  designs  that  result  in 
crevices  in  which,  fluid  can  be  trapped,  such  as  Designs  b  and  c  in  Figure  5,  must  not  be 
used. 


If  soldered  or  brazed  end-fitting  joints  are  to  be  used,  they  should  be  of  the  lap  or 
slip  type  and  should  have  sufficient  bond  area  to  take  the  required  loading  in  shear. 

Sample  joints  should  always  be  examined  metallographically  to  insure  that  the 
welding  conditions  give  the  desired  depth  of  penetration. 


63 


a.  Corner- Flange  Weld  b  Fillet  Weld 


c  Resistance -Seam  Weld  d.  Arc -Seam  Weld 

FIGURE  5.  TYPICAL  BELLOWS  END- FITTING  JOINTS 


Surface  Irregularities 


Surface  irregularities,  such  as  scratches,  dents,  nicks,  bulges,  and  die  marks, 
should  be  avoided  as  far  as  possible.  This  is  especially  true  in  the  root  and  crown  por¬ 
tions  of  the  convolutions,  which  are  likely  to  be  the  regions  of  highest  stress.  Large 
bulges  or  dents  may  alter  the  stress  distribution  sufficiently  to  change  the  magnitude  and 
location  of  maximum  stress  and  affect  bellows  life.  Sharp  scratches  and  die  marks  may 
act  as  notches  and  concentrate  stresses.  Irregularities  also  may  initiate  instability 
failures  such  as  buckling  and  squirm. 

Unfortunately,  the  severity  of  a  surface  irregularity  with  respect  to  the  service 
performance  of  a  bellows  cannot  be  determined  in  advance,  and  its  estimation  is  largely 
a  eubjective  judgment  made  by  the  inspector.  In  the  research  program  on  which  this 
report  is  based,  there  was  no  case  in  which  a  surface  irregularity  was  observed  to  have 
had  any  influence  on  fatigue -crack  propagation  or  initiation.  Slight  irregularities  in 
convolution  alignment,  however,  had  a  large  effect  on  the  pressure  at  which  the  bellows 
squirmed. 


Cleanliness 


Cleanliness  of  bellows  materials  before,  during,  and  after  manufacture  is  ex¬ 
tremely  important.  Many  of  the  high-performance  aerospace  metals  are  much  less 
tolerant  of  improper  manufacturing  procedures  than  are  the  more  common  metals. 

Hydraulic  forming  oils,  soap  solutions,  dye  penetrants,  and  other  fluids  should  be 
thoroughly  removed  as  soon  as  possible  after  forming  and  inspection  are  completed. 
Even  fingerprints  can  cause  corrosion  of  some  of  the  high-quality  surfaces  desired  in 
bellows.  In  no  case  should  bellows  be  heat  treated  without  prior  cleaning  to  remove 
such  materials. 

It  is  recommended  that  in-process  bellows  be  stored  in  a  dry  atmosphere. 

Employment  of  LOX  cleaning  procedures  prior  to  longitudinal  seam  welding, 
assembly  of  plies,  end  welding,  and  heat  treating  will  pay  dividends  in  the  quality  of  the 
resulting  bellows.  Awareness  on  the  part  of  the  manufacturing  personnel  of  the  impor¬ 
tance  of  maintaining  these  standards  of  cleanliness  is  essential  and  may  decrease  the 
number  of  cleaning  operations  that  are  necessary. 


In-Process  Inspection 


Bellows  and  diaphragms  should  be  inspected  during  and  after  fabrication.  In- 
process  inspection  is  intended  to  detect  faulty  material,  faulty  welding,  improper  con¬ 
volution  formation,  handling  damage,  and  lack  of  cleanliness. 
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Materials  Inspection 


As  described  previously,  materials  for  bellows  and  diaphragms  must  be  very 
uniform  and  free  from  defects.  When  material  is  received,  its  thickness  must  be 
measured  and  it  must  be  inspected  carefully  to  make  sure  that  there  are  no  large 
irregularities  such  as  thinning,  bulges,  wrinkles,  and  dents  and  no  surface  damage 
such  as  nicks,  scratches,  and  pits.  Specimens  from  each  s  .eet  should  be  used  to  de¬ 
termine  the  yield  strength,  ultimate  strength,  hardness,  a,  1  chemical  composition  of 
the  material.  Sample  cross  sectioning  to  inspect  grain  size  and  physical  and  metallurgi¬ 
cal  structure  is  necessary  for  adequate  quality  control. 


Weld  Inspection 

Many  manufacturer s  of  formed  bellows  consider  the  forming  process  itself  to  be 
an  adequate  check  on  the  quality  of  the  seam  weld.  This  is  particularly  true  of  bellows 
formed  by  hydraulic  or  rubber  pressure.  Welded  bellows  are  not  subjected  to  any 
analogous  proof  test  during  their  manufacture,  so  weld  quality  in  these  items  must  be 
assessed  by  different  means. 

Visual  inspection,  if  carefully  done,  is  a  useful  method  of  checking  weld  quality. 

If  inspection  is  performed  immediately  after  welding  and  before  any  planishing,  pickling, 
or  heat  treatment  has  been  done,  the  presence  of  an  oxide  film  covering  the  weld  may  be 
informative.  Thin,  multicolored  interference  films  of  oxide  are  not  usually  harmful, 
even  in  oxygen- sensitive  metals  such  as  titanium,  but  the  presence  of  a  thick  brown, 
gray,  or  black  oxide  indicates  poor  gas  shielding,  and  is  in  titanium  a  warning  of  prob¬ 
able  weld-metal  contamination.  Weld  beads  should  be  generally  smooth  and  regular, 

TIG  beads  often  tend  to  have  a  striated  appearance  which  results  from  tiny  surface  rip¬ 
ples  caused  by  stepwise  solidification  of  the  weld  pool.  These  ripples  are  not  harmful. 
However,  variations  in  bead  size  and  shape  along  a  weld  are  danger  signs.  They  indi¬ 
cate  lack  of  control  in  the  welding  power  supply,  poor  fitup,  variable  heat  sinking,  or  a 
changing  arc  length.  The  bead  diameter  in  welded  bellows  should  be  between  two-and- 
one-half  and  three  times  the  material  thickness.  A  smaller  bead  is  an  indication  of 
inadequate  burndown  and  the  weld  is  likely  to  fail  prematurely  in  service  by  fracture 
through  the  bead.  The  size  of  the  weld  beads  in  welded  bellows  could  be  measured  rather 
easily  by  using  a  rigidly  mounted  pair  of  indicator  heads  arranged  to  contact  opposite 
sides  of  a  bead  as  a  weld  is  rotated  between  them.  Output  signals  could  be  summed  and 
recorded  or  visually  displayed..  Acceptance  could  be  on  a  go-no-go  basis.  Such  a  system 
is  not  presently  being  used,  to  Battelle's  knowledge.  The  presence  of  unusual  isolated 
lumps  or  depressions  on  weld  beads  is  suspicious,  since  they  may  indicate  subsurface 
inclusions  or  voids.  Visual  inspection  of  inner -diameter  welds  in  welded  bellows  is 
difficult  at  best,  and  in  small  bellows  it  is  nearly  impossible.  The  inspection  is  rela¬ 
tively  easy,  however,  if  it  is  done  on  individual  convolutions  before  they  are  laid  up  for 
outer-diameter  welding.  Such  inspection  should  be  done  with  the  same  care  as  a  final 
bellows  inspection,  and  convolutions  that  are  rejected  should  be  immediately  destroyed 
so  that  they  do  not  find  their  way  into  a  bellows  at  a  later  date. 

Dye-penetrant  testing  is  a  useful  method  of  detecting  cracks  and  gross  porosity 
extending  to  the  surface,  but  care  must  be  taken  to  remove  all  traces  of  the  penetrant 
materials  after  use  and  before  any  heat  treatment,  Dye-penetrant  testing  is  chiefly 
of  use  with  longitudinal  seams  in  formed  bellows  and  for  locating  leaks  and  fatigue 
failures  that  cannot  be  detected  visually. 
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Radiography  has  proved  useful  for  examining  longitudinal  seam  welds  and  detecting 
ruptured  internal  plies  in  multi-ply  formed  bellows,  but  it  lacks  the  sensitivity  to  detect 
small  flaws  in  welded  bellows. 

Eddy-current  testing  using  special  miniaturized  detection  coils  is  a  promising 
method  for  making  subsurface- weld  inspections  in  bellows.  As  far  as  is  known,  it  is 
not  presently  being  used  for  this  purpose. 

Ultrasonic -inspection  techniques  do  not  appear  promising  because  of  the  small 
size  of  the  welds,  with  the  resultant  likelihood  of  masking  of  indications  of  internal 
flaws  by  reflections  from  the  surface. 


Convolution  and  Corrugation  Formation 

Visual  and  shadowgraph  inspections  can  be  used  to  verify  at  least  some  of  the 
critical  shape  parameters,  but  occasional  cross  sectioning  of  a  bellows  is  necessary  to 
assure  control  of  all  dimensions. 


Handling  Damage 

Extreme  care  must  be  taken  to  assure  that  the  thin  bellows  and  diaphragm  ma¬ 
terial  is  not  damaged  during  manufacture.  Inspection  for  such  damage  is  done  visually. 
In  general,  it  appears  chat  manufacturers  should  use  much  better  packaging  procedures 
than  those  currently  in  use  to  prevent  damage  in  shipping  and  to  impress  upon  the  user 
the  susceptibility  of  very  thin  materials  to  handling  damage. 


Leak  Testing 

The  presence  of  a  leak  in  a  bellows  is  cause  for  rejection.  It  should  not  be 
assumed  by  the  bellows  purchaser  that  leak  tests  will  be  performed  by  the  bellows  manu¬ 
facturer  unless  they  are  specifically  requested.  For  the  many  formed  bellows  used  in 
aircraft  ducting,  the  satisfactory  performance  of  one  of  the  first  bellows  of  a  production 
run  is  usually  taken  as  evidence  that  the  entire  run  of  similar  bellows  will  also  be  free 
from  leaks.  If  the  run  is  large,  leak  tests  may  be  made  on  a  spot-check  basis  during 
the  production. 

For  bellows  intended  for  space  hardware,  manufacturing  procedures  normally 
require  the  leak  testing  and  certification  of  each  bellows.  This  adds  to  the  cost  of  the 
bellows,  but  provides  an  added  degree  of  quality  assurance. 

The  helium  mass  spectrometer  is  the  standard  method  of  verifying  bellows  leak 
tightness.  Most  bellows  manufacturers  now  have  helium  leak-test  equipment  or  have 
access  to  commercial  leak -testing  services.  The  helium  mass  spectrometer  is  capable 
of  detecting  leaks  in  the  range  of  10-9  atm  cc  of  He/sec, 

As  an  in-process  leak  test,  many  bellows  manufacturers  pressurize  and  immerse 
their  bellows  in  deaerated  water  for  about  15  minutes.  Formation  of  bubbles  is  taken 
as  an  indication  of  a  leak.  The  immersion  test  is  simple  and  useful,  although  it  is  not 
as  sensitive  as  the  more  expensive  helium-mass-spectrometer  leak  test.  The  immersion 
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test  can  detect  leaks  as  small  as  about  10~3  atm  cc/sec.  Bellows  should  be  thoroughly- 
cleaned  and  dried  following  an  immersion  test  to  remove  any  oil  and  water  entrained  in 
the  pressurizing  gas  and  the  carryout  from  the  immersion  tank. 

The  use  of  soap  or  detergent  solution  as  an  alternative  to  the  immersion  tank  is 
not  recommended,  since  detergents  may  cause  stress  corrosion  of  many  aerospace 
alloys.  Such  a  case  was  encountered  during  this  program  (Appendix  P),  If  soap  or 
detergent  solution  is  used,  it  should  be  thoroughly  removed  immediately  upon  comple¬ 
tion  of  the  leak  test. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


Many  conclusions,  suggestions,  and  recommendations  nave  been  incorporated  in 
the  different  parts  of  the  report  body  and  the  appendixes.  These  have  been  so  numerous 
and  diverse  that  it  is  not  practical  to  repeat  all  of  them  here.  Only  the  major  conclu¬ 
sions  and  recommendations  affecting  the  future  manufacture  and  use  of  bellows  and 
diaphragms  in  aerospace  applications  are  listed  below. 


Conclusions 


Formed  Bellows 


(1)  There  are  many  capable  and  conscientious  manufacturers  of  formed  bellows 
When  such  a  manufacturer  has  produced  a  number  of  bellows  of  a  given  material  and 
configuration  and  has  accumulated  test  results  for  several  such  bellows  operated  under 
the  particular  operating  conditions  of  interest  to  the  user,  then  this  particular  bellows 
can  be  purchased  from  the  manufacturer  with  a  high  degree  of  confidence.  Any  de¬ 
parture  from  such  known  conditions  significantly  increases  the  risk  of  bellows  failure. 
The  risk  can  be  reduced  only  by  obtaining  statistical  evidence  of  manufacturing  con¬ 
sistency,  if  the  configuration  is  different,  or  by  obtaining  statistical  evidence  of  satis¬ 
factory  performance,  if  the  operating  conditions  are  different.  The  stress- analysis 
procedure  developed  during  this  program  can  be  used  to  reduce  the  amount  of  statistical 
data  required. 

(2)  There  are  four  primary  reasons  for  the  premature  failure  of  formed  bellows 
in  aerospace  applications:  (a)  manufacturing  variations,  (b)  user  negligence,  (c)  unex¬ 
pected  operating  conditions,  and  (d)  general  lack  of  understands  g  of  low-cycle  fatigue. 

(a)  Almost  every  bellows  configuration  made  for  an  aerospace  application 
must  be  tested  satisfactorily  by  the  manufacturer  in  a  simulated 
system.  However,  such  tests  have  an  appreciable  effect  on  overall 
cost  and  it  is  not  usually  practiced  for  a  manufacturer  to  obtain 
statistical  data  concerning  the  effect  of  normal  manufacturing  varia¬ 
tions  on  the  performance  characteristics  of  the  configuration. 
Consequently,  an  unevaluated  combination  of  normal  manufacturing 
variations  can  cause  premature  failure.  Manufacturing  variations 
beyond  expected  limits  are  a  primary  cause  of  premature  failure. 

(b)  During  this  research  program  there  was  considerable  evidence  that 
the  average  bellows  user  considers  a  formed  bellows  to  be  a  rather 
simple,  rugged  device.  In  reality,  many  formed  bellows  can  be 
plastically  deformed  by  hand  and  their  operating  characteristics  can 
be  extremely  complex.  It  is  believed  that  bellows  users  must  learn  to 
treat  bellows  with  a  great  deal  more  care,  in  order  to  prevent  pre¬ 
mature  bellows  failure  because  of  damage  due  to  handling,  improper 
installation,  and  poor  system  simulation  resulting  from  incomplete 
system  analysis. 
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(c)  Even  when  the  operating  characteristics  of  a  system  have  been  analyzed 
carefully,  the  complexity  of  an  aerospace  system  can  result  in  an  unex¬ 
pected,  possibly  transient  operating  condition  that  can  cause  premature 
failure.  The  most  likely  sources  are  unexpectedly  high  deflections, 
pressures,  or  temperatures,  and  the  unexpected  introduction  of  corro¬ 
sive  elements.  In  addition,  as  described  in  the  report  body,  there  are 
some  performance  characteristics  of  bellows  that  are  not  generally 
understood, 

(d)  There  is  a  widespread  lack  of  understanding  of  the  statistics  of  low- 
cycle  fatigue.  Both  the  manufacturers  and  the  users  generally  accept 

a  life  test  of  100  to  150  percent  of  the  required  life  as  being  evidence  of 
a  satisfactory  fatigue  test.  The  fatigue  life  of  identical  coupon  specimens 
can  vary  as  much  as  three  to  one.  The  fatigue  life  of  "identical" 
bellows  can  vary  even  more.  Premature  fatigue  failure  will  continue 
to  occur  in  formed  bellows  until  more  sophisticated  test-analysis 
methods  are  used,  and  until  a  fatigue -analysis  procedure  similar  to 
the  one  described  in  Appendixes  L  and  M  is  used. 

(3)  It  is  believed  tnat  the  stress -analysis  procedure  developed  during  this  program 
is  of  such  fundamental  importance  to  the  design,  fabrication,  and  application  of  formed 
bellows,  that  it  is  expected  to  become  a  basic  tool  for  the  industry.  The  many  ways  that 
the  analysis  procedures  can  be  used  are  difficult  to  envision.  These  procedures  may 
prove  to  be  particularly  beneficial  in 

(a)  The  design  of  new  bellows  and  the  investigation  of  the  effect  of  new 
operating  conditions  on  existing  bellows 

(b)  The  selection  of  critical  parameters  whose  control  may  result  in  more 
uniformly  operating  bellows 

(c)  The  analysis  by  bellows  users  of  competing  designs  to  provide  a  more 
rational  basis  for  design  selection 

(d)  The  evaluation  of  the  effects  of  manufacturing  variations  to  deter¬ 
mine  whether  production  bellows  should  be  accepted  or  rejected 

(e)  The  reduction  of  the  amount  of  empirical  data  required  to  deter¬ 
mine  various  performance  characteristics.  This  would  be  accom¬ 
plished  through  the  use  of  the  analysis  procedures  with  statistically 
based  test  procedures. 


Welded  Bellows 


(1)  There  are  several  capable  and  conscientious  manufacturers  of  welded  bellows. 
The  com  ments  made  for  formed  bellows  in  Item  (1)  above  apply  to  welded  bellows  with 
the  exception  that  many  welded -bellows  characteristics  are  much  less  predictable  than 
formed-bellows  characteristics.  In  fact,  it  is  the  opinion  of  the  research  staff  that  a 
standard  welded  bellows  should  not  be  used  in  a  highly  critical  system  without  redun¬ 
dance.  This  is  particularly  true  for  a  required  fatigue  life  greater  than  500,  000  cycles. 
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(2)  The  four  primary  reasons  for  premature  fatigue  failure  of  formed  bellows 
described  in  Item  (2)  above  apply  also  to  welded  bellows.  An  insufficient  number  of 
test  samples  is  a  particular  problem  with  welded  bellows  because  the  cost  per  bellows 
is  so  much  higher  than  that  of  formed  bellows.  Leaf  interference  in  compression  was 
also  found  to  be  a  possible  cause  for  premature  failure. 

(3)  The  stress -analysis  procedure  will  be  useful  in  determining  which  of  a  manu¬ 
facturer's  welded-bellows  designs  would  be  best  for  a  particular  application.  However, 
it  is  believed  that  this  use  of  the  analysis  procedure  will  result  in  welded  bellows  which 
have  only  nominally  better  operating  characteristics.  More  striking  improvements  may 
be  made  if  the  analysis  procedure  is  utilized  to  evaluate  unconventional  designs.  For 
example,  the  tilt-edge  concept  described  in  Appendix  D  is  so  promising  for  reducing  the 
stresses  at  the  welds  to  nominal  values  that  the  successful  development  of  optimized 
configurations  could  make  the  present  standard  configurations  obsolete  in  a  relatively 
short  time.  For  tilt-edge  bellows,  the  five  uses  of  the  stress- analysis  theory  as  listed 
under  Item  (3)  above  would  be  equally  applicable. 


Diaphragms 

Very  few  manufacturers  offer  diaphragms  for  sale  and  the  selection  is  very 
limited.  Most  diaphragms  are  manufactured  for  use  in  a  component  by  the  manufac¬ 
turing  company.  Thus,  the  use  of  the  stress -analysis  procedure  for  diaphragm  design 
and  manufacture  will  be  determined  by  the  needs  of  each  company.  However,  since 
deformation  behavior  of  diaphragms  is  complex  and  nonlinear,  it  is  believed  that  the 
analysis  procedure  should  also  become  a  basic  tool  of  diaphragm  manufacturers. 


Recommendations 


(1)  It  is  recommended  that  the  following  types  of  organizations  should  establish 
groups  having  the  capability  of  using  the  stress -analysis  procedure: 

(a)  Belliws  and  diaphragm  manufacturers  wishing  to  develop  designs  to 
meet  operating  conditions  different  from  those  for  which  their  standard 
product  lines  were  designed 

(b)  Large  users  of  bellows  and  diaphragms  who  must  select  from  several 
potential  configurations 

(c)  Government  facilities  that  must  select  from  among  a  number  of  bidders 
and  that  must  determine  a  basis  for  bellows  or  diaphragm  rejection. 

(2)  The  Air  Force  should  initiate,  in  behalf  of  the  government  agencies,  a  stand¬ 
ardised  purchasing  procedure  requiring  stress-analysis  procedures  similar  to  the  one 
described  in  Appendix  B. 

(3)  A  research  program  should  be  initiated  to  determine  the  potential  of  the  tilt- 
edge  configuration  for  improving  the  fatigue  life  and  reliability  of  welded  bellows. 
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(4)  A  program  should  be  initiated  to  develop  manufacturing  methods  capable  of 
producing  more  consistent  formed  bellows.  As  part  of  such  a  program,  consideration 
should  be  given  by  large-volume  bellows  users  (such  as  the  Air  Force)  to  the  quantity 
purchase  of  bellows  materials  to  obtain  improved  metallurgical  and  dimensional  control 
of  starting  materials. 

(5)  A  program  should  be  undertaken  to  investigate  alternative  methods  of  manu¬ 
facturing  welded  bellows,  such  as  diffusion  bonding. 

(6)  A  program  should  be  undertaken  to  investigate  unconventional  diaphragm  con¬ 
figurations  for  the  purpose  of  increasing  the  deflection  and  pressure  capability  of 
diaphragms.  Composite  configurations,  similar  to  automobile  leaf  springs,  should  be 
included  in  the  investigation. 
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APPENDIX  A 

THEORETICAL  ANALYSIS  OF  ELASTIC  DEFORMATIONS 
OF  BELLOWS  AND  DIAPHRAGMS 


ABBREVIATIONS  AND  SYMBOLS 


0* 

M 

rl 

a 

v 

h 

Q 

N«p,  N  q 
M{p>  M0 


Angle  between  normal  and  axis  of  revolution,  deg 
Parameter  for  toroidal  shell  analysis,  M  =yl2  (1  -  v^)  r^/ah 
Local  radius  of  curvature  of  torus,  in. 

Radial  distance  from  bellows  axis  to  point  of  torus,  in. 

Poisson's  ratio 
Bellows  thickness,  in. 

Effective  shear  resultant  force  in  direction  normal  to  the  shell,  lb/in. 

Membrane  resultant  forces  in  meridional  and  circumferential  directions, 
respectively,  lb/in. 

Bending  moment  resultants  in  meridional  and  circumferential  directions, 
respectively,  in-lb/in. 


*The  symbol  $  appearing  in  this  and  subsequent  appendixes  is  a  variation  of  the  symbol  cp,  which  will  also  be  found  in  the 
appendixes. 


APPENDIX  A 


THEORETICAL  ANALYSIS  OF  ELASTIC  DEFORMATIONS 
OF  BELLOWS  AND  DIAPHRAGMS 


Bellows  and  diaphragms  belong  to  a  class  of  structures  usually  designated  as  "thin 
shells  of  revolution"  or  as  "axisymmetric  shells".  The  main  theoretical  developments 
in  the  investigation  of  these  shells  have  taken  place  in  the  past  half  century  since  the  de¬ 
rivation  of  the  H.  Reissner-Meissner  equations  for  the  linear  elastic  deformations  of  the 
shell  of  revolution.  Prior  to  the  development  of  computers,  investigations  were  limited 
to  attempts  to  derive  approximate  formulas  for  stresses  and  deflections  in  axisymmetric 
shells  of  special  shapes.  However,  the  development  of  digital  computers  and  the  accom¬ 
panying  development  of  numerical  methods  have  made  it  possible  to  obtain  direct  numer¬ 
ical  solutions  fo"  deflections  and  stresses  in  axisymmetric  shells  of  arbitrary  meridio¬ 
nal  shape. 

This  appendix  gives  a  description  of  approaches  that  have  been  used  for  obtaining 
solutions  to  the  elastic  deformation  of  bellows  and  diaphragms  as  well  as  a  discussion  of 
the  selection  of  the  computer  program  used  in  this  research  study.  The  approaches  that 
have  been  used  may  be  divided  into  three  major  categories:  (1)  approximate  formulas 
for  simple  shell  geometries,  (2)  finite-difference  approximations  to  the  differential 
equations,  and  (3)  direct  numerical  integration  of  the  differential  equations.  The  direct- 
integration  approach  will  be  discussed  in  some  detail  here  and  in  Appendixes  B  and  C, 
since  it  was  the  basis  of  the  computing  program  used  in  the  research  study.; 


Approximate  Formulas  for  Simple  Shell  Geometries 


The  general  equation  for  shells  of  revolution  with  axisymmetric  loading  is  a  compli¬ 
cated  differential  equation  of  the  sixth  order.  Until  the  development  of  digital  computers, 
there  was  no  practical  way  of  integrating  this  differential  equation  directly.  However, 
most  corrugated  diaphragms  and  bellows  may  be  considered  as  aggregates  of  much  sim¬ 
pler  structural  elements  such  as  plates  and  shells  of  constant  curvature.  Therefore,  un¬ 
til  recently  the  major  emphasis  in  the  theoretical  analysis  of  diaphragm  and  bellows  de¬ 
formation  was  directed  toward  obtaining  relatively  simple  closed-form  approximations  to 
the  solutions  for  these  plates  and  shells,  It  was  the  apparent  intent  of  the  investigators 
that  if  such  solutions  could  be  obtained,  they  would  suitably  combine  sets  of  solutions  to 
obtain  solutions  for  actual  diaphragms  and  bellows.  Actually,  the  combination  of  sets  of 
solutions  to  synthesize  a  diaphragm  requires  extensive  calculations.  Apparently,  only 
one  such  synthesis  was  ever  performed  without  the  aid  cx  a  digital  computer.  Although 
formed  bellows  can  be  synthesized  from  as  few  as  two  semitoroidal  sections  or  two  toroi¬ 
dal  sections  and  a  conical  or  flat-plate  section,  the  application  of  these  formulas  has  been 
made  to  only  a  few  formed  bellows  without  using  computers.  Computer  programs  have 
now  been  developed  to  use  these  formulas  so  that  it  is  appropriate  to  describe  the  devel¬ 
opment  of  some  of  the  most  useful  formulas. 

As  noted,  the  simplified  shell  formulas  have  been  developed  primarily  for  shells  of 
constant  curvature.  The  theory  for  the  conical  shell  was  worked  out  by  Dubois  in  1917  in 
a  thesis  at  Zurich.  The  first  theory  for  toroidal  shells  was  presented  by  Wissler,  also  in 
a  Zurich  thesis,  in  1916.  In  1917  Lorenz  published  a  theory  for  stress  in  Bourdon  tubes. 
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A  somewhat  simpler  form  of  the  theory  for  toroidal  shells  was  produced  by  Schwerin  in 
1929.  Then  a  solution  was  developed  by  Stange  in  1931  in  the  form  of  a  power  series  in 
the  angle  0. (A- 1  )#  This  solution  was  limited  to  arc-shaped  segments  of  the  shell  for 
which  0  is  not  near  it/2.  In  addition  to  this  limitation,  Stange's  power  series  solution 
was  rather  cumbersome  to  evaluate. 

An  improvement  in  the  theory  for  the  analysis  of  toroidal  shells  was  achieved  al¬ 
most  simultaneously  in  1950  by  Clark(A"2)  and  by  Haringx^A" Both  used  some  newly 
tabulated  Hankel  functions  of  order  one-third,  In  1951  Novozhilov  obtained  an  approxi¬ 
mate  solution  in  terms  of  the  same  functions.  Subsequent  refinements  in  the  asymp¬ 

totic  solution  were  made  by  Clark. (A-5,  A-6)  Tumarkin  also  developed  higher  order 
approximations  in  the  asymptotic  series  similar  to  Clark's  development.  (•"”’0 

Another  approach  to  the  toroidal  shell  was  presented  in  a  paper  by  Dahl.  In 

this  paper  Dahl  obtains  a  strain-energy  solution  to  toroidal  shells  in  terms  of  a  power 
series  in  ju  =  Vl2(l  -  y*)  r j^/ah,  where  a  is  the  center-line  radius  of  the  torus.  Dahl's 
solution  is  applicable  to  regions  of  small  ju,  but  it  is  interesting  to  note  that  his  solution 
checked  with  Clark's  over  the  approximate  range  of  from  8  to  40(A”2)# 

In  the  past  10  years,  problems  involving  toroidal  shells  have  been  extensively 
studied  in  Russia.  The  bulk  of  the  investigations  have  been  based  on  the  use  of  either 
asymptotic  expansions  or  power-series  expansions  to  solve  specific  problems  involving 
the  omega  joint  or  simple  bellows  with  one  to  three  corrugations.  Many  of  the  papers 
describing  these  investigations  were  reviewed  in  a  monograph  by  Chernykh  and  Shamina 
in  1963.  The  authors  indicated  that  the  monograph  was  to  be  the  initial  effort  in  an  ex¬ 
tensive  program  of  investigations  of  toroidal  shells  at  Leningrad  University.  (A-9)  The 
monograph,  which  is  an  extensive  review  of  the  state  of  the  art  of  theory  of  toroidal 
shells  to  about  1961,  included  references  to  both  Western  and  Russian  literature. 

Another  extensive  monograph  on  the  theory  of  toroidal  shells  was  written  by  Bulgakov  in 
1962.  (A- 10)  Bulgakov  discussed  the  various  approaches  used  to  obtain  approximate 
solutions.  He  also  discussed  solutions  for  toroidal  shells  that  he  obtained  on  the  compu¬ 
ter  "URAL  I"  at  Kiev  using  both  the  Runge-Kutta  and  the  finite-difference  techniques. 

This  seems  to  be  the  first  attempt  in  Russia  to  use  computers  for  the  calculation  of  axi- 
symmetric  shells.  This  lag  would  appear  to  be  a  result  of  the  slow  development  of  the 
computer  industry  in  Russia. 

Although  approximate  formulas  have  been  developed  for  shells  of  relatively  simple 
shapes,  they  can  be  combined  to  predict  stresses  and  deflections  of  corrugated  bellows 
or  diaphragms.  Two  well-known  applications  of  this  approach  are  the  analysis  by 
Grover  and  Bell  of  a  corrugated  diaphragm^- 1 1 )  and  the  analysis  by  Laupa  and  Weil  of 
a  U-shaped  bellows,  (A- 12)  This  approach  involves  extensive  numerical  computations 
(except  for  toroidal  bellows).  Consequently,  for  practical  application  to  bellows  and 
diaphragm  analysis,  it  is  desirable  to  carry  out  the  calculations  on  a  digital  computer. 

A  number  of  computer  programs  have  been  developed  utilizing  combinations  of  the 
various  formulas  to  solve  bellows  problems.  Some  such  programs  were  obtained  by 
computerizing  the  formulas  used  by  Laupa  and  Weil.  In  a  recent  study^A-  1  3/A-  1 6) 
Atomics  International  Division  of  North  American  Aviation,  Inc.  ,  developed  a  computer 
program  incorporating  se/eral  of  the  approximate  formulas  which  permitted  the  analysis 
of  a  single-ply  toroidal  and  convoluted  bellows  with  and  without  reinforcing  ringt-  ami  of 
single-  sweep  welded  bellows. 
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The  chief  disadvantage  of  this  approach  is  that  it  is  limited  to  bellows  or  diaphragm 
configurations  that  can  be  made  up  of  sections  that  can  be  solved  analytically.  Each  sec¬ 
tion,  in  addition  to  having  constant  meridional  curvature,  must  also  have  constant  thick¬ 
ness  and  must  be  isotropic  and  homogeneous.  These  parameters  can  be  allowed  to  vary 
from  segment  to  segment  to  account  for  the  nonuniform  thickness  or  variation  in  the 
elastic  properties  of  the  bellows.  However,  unless  the  bellows  is  broken  into  a  fairly 
large  number  of  segments,  this  may  not  be  a  satisfactory  way  to  approximate  shells  with 
varying  thickness  or  varying  elastic  properties. 

One  approach  which  is  being  exploited  widely  at  the  present  time  for  many  types  of 
problems  is  the  finite-element  technique.  The  application  of  this  technique  to  shells  of 
revolution  consists  of  approximating  the  actual  shell  by  large  numbers  of  small  shell 
elements  (usually  conical  shell  elements).  The  behavior  of  the  individual  shell  elements 
is  described  by  one  or  the  other  of  the  approximate  formulas  mentioned  above.  Because 
the  approach  leads  to  the  generation  of  a  large  matrix  equation  describing  the  behavior 
of  the  entire  bellows  or  diapnragm,  the  technique  requires  the  use  of  a  computer. 


Finite-Difference  Approximations  to  the 
Differential  Equations 


The  finite-difference  approach  involves  choosing  a  set  of  grid  points  along  the  bel¬ 
lows  and  approximating  the  differential  equations  by  finite-difference  equations  defined 
at  the  grid  points.  This  approach  has  been  used  as  the  basis  for  a  number  of  computer 
solutions  for  problems  involving  shells  of  revolution,.  (A- 17/ A-20)  The  technique  is  quite 
general  and  may  be  applied  to  the  solution  of  arbitrarily  shaped  thin  shells  of  revolution 
with  both  varying  thickness  and  varying  elastic  parameters.  *  Considerable  progress  has 
been  made  in  solving  the  large  matrices  of  the  type  that  are  encountered  in  this  technique. 
These  matrices  are  quasidiagonal  and  can  be  solved  by  successive  elimination  and  the 
back-substitution  technique.  As  a  result,  bellows  problems  can  be  solved  by  finite- 
difference  codes  such  as  the  AVCO  code^A“18)  or  CEGB  code (A“  17)  a  matt;er  Df  j 
or  2  minutes  on  computer  machines  of  the  IBM  7090  class.  (A-21) 

Finite-difference  programs  have  been  written  with  the  capability  of  analyzing  a 
variety  of  bellows  configurations  and  loading  conditions.  For  example,  the  AVCO  code 
permits  the  analysis  of  bellows  with  both  axisymmetric  and  nonsymmetric  loading  in  the 
linear  elastic  range.  It  also  permits  the  analysis  of  multilayer  shells  in  which  the  layers 
are  completely  bonded  together  along  the  entire  length  of  the  shell.  The  code  developed 
at  Bell  Aerosystems  Company^”^  permits  the  analysis  of  linear  and  nonlinear  axi¬ 
symmetric  elastic  deformations  of  bellows,  while  the  computer  code  recently  developed 
at  MIT^A"23)  apparently  permits  the  analysis  of  axisymmetric  elastic  and  plastic  deform¬ 
ations  of  shells. 

The  chief  disadvantage  of  the  finite-difference  techniques  is  that  the  accuracy  of  the 
solution  depends  on  the  choice  of  the  mesh-point  spacing.  Since  this  dependence  is  not 
known  beforehand  for  a  given  problem,  the  user  will  either  have  to  choose  a  mesh  spacing 
finer  than  necessary  or  risk  having  to  run  the  problem  over  again  if  his  original  choice  of 
mesh  spacing  is  not  fine  enough.  This  dilemma  is  even  more  serious  when  an  iterative 


•The  capability  of  taking  varying  thickness  and  elastic  parameters  into  account  includes  accounting  for  discontinuous  changes  m 
these  quantities.  This  permits  analysis  of  end  fittings,  circumferential  weld  beads,  etc. 
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solution  must  be  obtained  for  nonlinear  problems.  The  direct- integration  approach  pro¬ 
vides  a  way  of  overcoming  this  difficulty. 


Direct  Numerical  Integration  of  the 
Differential  Equations 


A  number  of  direct  numerical-integration  techniques  have  been  developed  for  the 
solution  of  ordinary  differential  equations,  Since  many  problems  involving  axisymmetric 
shells  can  be  reduced  to  one-dimensional  problems  involving  ordinary  differential  equa¬ 
tions,  numerical-integration  techniques  can  be  used  to  solve  them.  The  problems  men¬ 
tioned  above  that  have  been  solved  by  finite-difference  techniques  may  also  be  solved  by 
direct-integration  techniques.  One  of  the  first  computer  solutions  to  a  convoluted-dia¬ 
phragm  probiem(A“24)  employed  the  Runge-Kutta  integration  approach.  Subsequent  to 
this  work,  a  number  of  computer  solutions  were  obtained  with  the  Runge-Kutta  techni¬ 
que.  (A-25)  However,  it  soon  became  apparent  that  the  direct-integration  techniques  be¬ 
came  inaccurate  if  applied  to  some  shell  problems.  This  phenomenon  is  discussed  in  a 
paper  by  Sepetoski,  et  al.JA-20)  Briefly,  the  difficulty  stems  from  the  fact  that  self- 
equilibrating  boundary  loads  on  shells  give  rise  to  stresses  only  in  a  narrow  "edge-effect" 
zone  near  the  boundary.  In  solving  a  shell  problem,  it  is  necessary  to  take  into  account 
the  boundary  loads  at  both  ends  of  the  shell.  In  the  direct-integration  approach,  the  set 
of  first-order  differential  equations  are  integrated  directly  to  obtain  the  coefficient  ma¬ 
trix  of  a  system  of  equations  relating  the  values  of  the  fundamental  variables  at  each  end 
of  the  shell.  The  magnitudes  of  the  elements  in  the  fundamental  matrix  are  proportional 
to  the  length  of  the  shell.  Thus,  the  longer  the  shell,  the  larger  che  elements.  If  the 
shell  is  sufficiently  long,  the  elements  become  very  large  and  nearly  proportional  so  that 
the  matrix  is  very  nearly  singular.  When  this  system  of  equations  is  solved  for  the  val¬ 
ues  of  the  variables,  the  round-off  error  is  so  great  that  the  inversion  procedure  yields 
meaningless  results. 

A 8  a  result  of  this  deficiency  in  the  direct- integration  technique,  many  investiga¬ 
tors  turned  to  the  finite-difference  technique  discussed  above.  An  indication  of  this  was 
that  most  of  the  general  computer  programs  discovered  in  the  literature  search  at  the 
beginning  of  this  research  study  were  based  on  the  finite-difference  approach  rather  than 
on  the  direct- integration  approach. 

Kalnins^”^  extended  the  technique  suggested  by  Collatz^A-26)  to  solution  of 
the  differential  equations  governing  the  static  linear  response  of  thin  elastic  shells  of 
revolution  and  developed  a  computer  program  which  permits  the  analysis  of  a  shell  of 
any  length.  Similar  techniques  were  derived  by  Goldberg  and  Bogdanoff,  (A-28)  Mjrabal 
and  Dight,  (A-29)  ancj  by  Cohen^A**  30)<  since  the  technique  consists  in  dividing  the  shell 
into  a  number  of  segments,  it  is  referred  to  as  the  multisegment  method.  Numerical 
integration  of  the  differential  equations  over  one  of  these  segments  yields  a  set  of  equa¬ 
tions  with  small  elements.  To  sol.e  the  shell  problem,  the  sets  of  equations  obtained 
from  the  integration  of  the  differential  equations  over  each  of  the  segments  are  combined 
with  the  continuity  conditions  at  the  junctions  of  the  segments  and  with  the  boundary  con¬ 
ditions  at  the  edges  of  the  shell  to  form  a  single  large  matrix  equation.  This  matrix 
equation  ordinarily  is  well  conditioned  and  can  be  solved  by  a  Gaussian  elimination  pro¬ 
cedure. 
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Whether  a  segment  is  sufficiently  small  can  be  determined  by  using  an  approximate 
formula  for  the  decay  length  of  a  shell.  Also,  an  automatic  check  on  the  validity  of  the 
analysis  can  be  carried  out  in  the  following  way.  First,  the  solutions  at  the  ends  of  the 
segments  are  obtained  from  the  Gaussian  elimination.  Second,  the  governing  differen¬ 
tial  equations  are  integrated  again  over  each  segment  using  the  results  of  the  Gaussian 
elimination  as  the  initial  values  at  the  initial  edge  of  the  segment.  If  the  values  of  the 
variables  obtained  by  integrating  over  the  segments  agree  with  the  values  obtained  from 
the  Gaussian  elimination  procedure,  the  solution  is  exact.  Any  errors  in  the  solution 
are  easily  indicated  by  this  check. 

It  was  mentioned  earlier  that  the  direct-integration  technique  has  a  wide  range  of 
applicability  to  the  solution  of  bellows  problems.  The  computer  program  MOLSA  (Multi¬ 
layer  Orthotropic  Linear  Shell  Analysis)*,  which  was  used  extensively  in  the  early  phases 
of  this  research  study  permits  the  analysis  of  symmetric  and  nonsymmetric  deforma¬ 
tions  of  isotropic  or  orthotropic  single  or  multilayer  shells  of  revolution.  (Here,  as  in 
the  AVCO  code,  a  multilayer  shell  is  considered  to  have  layers  completely  bonded  to¬ 
gether  along  the  entire  length  of  the  shell. )  Arbitrary  variations  in  thickness  and  elastic 
properties,  including  discontinuous  variation,  are  easily  accounted  for.  Thus,  the 
effects  of  end  fittings  and  weldments  may  be  considered.  Cohen^"^®)  has  also  devel¬ 
oped  a  computer  program  that  permits  the  linear  elastic  analysis  of  orthotropic  shells 
subject  to  either  symmetric  or  nonsymmetric  loads. 

The  capability  of  Program  MOLSA  for  the  analysis  of  multilayer  shells  was  uti¬ 
lized  in  an  attempt  to  develop  a  simple  theoretical  model  of  multiple-ply  bellows.  How¬ 
ever,  as  described  in  Appendix  G,  this  model  proved  to  be  inadequate  to  predict  all  of 
the  observed  characteristics  of  two-ply  bellows.  With  this  exception,  the  bellows  models 
analyzed  in  this  research  study  were  single  ply  and  of  isotropic  materials. 

Program  NONLIN  was  used  for  most  of  the  bellows  analyses  performed  in  this 
research  study.  This  program  was  developed  by  Dr.  J.  F.  Lestingi^"^^  utilizing  the 
multisegment  numerical- integration  technique.  The  method  of  solution  and  the  governing 
differential  equations  are  described  in  Appendix  C,  together  with  a  listing  of  Program 
NONLIN.  This  program  permits  the  analysis  of  linear  elastic  axisymmetric  and  non¬ 
symmetric  deformations  and  of  nonlinear  axisymmetric  deformations  of  bellows.  It  is 
believed  that  these  capabilities  will  be  of  most  benefit  to  bellows  designers. 

The  remainder  of  this  appendix  will  give  a  comparison  of  solutions  for  certain  bel¬ 
lows  pioblems  obtained  with  the  methods  outlined  above. 


Comparison  of  Computer  Programs 


One  of  the  first  tasks  performed  in  the  research  study  was  the  selection  and  evalu¬ 
ation  of  the  thin-shell  computer  program  to  be  used  as  a  major  tool  in  the  research.;  As 
described  in  earlier  sections  of  this  appendix,  the  most  general  computer  programs  used 
are  based  on  two  techniques  —  the  multisegment  direct- integration  technique  and  the 
finite-difference  technique.  A  decision  was  made  to  obtain  two  programs,  one  repre¬ 
senting  each  approach. 


"'Program  MOLSA  is  a  modification  of  the  computer  program  developed  by  Dr.  A..  Kalnins.  (^-27) 
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The  computer  code  developed  by  Dr.  P.  P.  Radkowski  and  others  of  the  AVCO 
Corporation^"  was  selected  as  being  representative  of  the  finite-difference  approach. 
The  program  developed  by  Dr.  A.  Kalnins^"^  was  selected  as  being  the  best  program 
using  the  multisegment  direct- integration  technique.,  (As  mentioned  earlier,  this  pro¬ 
gram  was  modified  extensively.  The  modified  program  was  called  MOLSA.  )  The  AVCO 
code  and  the  MOLSA  code  were  compiled  on  the  Battelle  computer  and  applied  to  an  anal¬ 
ysis  of  an  omega- joint  bellows. 

Using  the  AVCO  code,  two  solutions  were  obtained  for  the  omega  bellows.  In  the 
first,  a  finite- difference  mesh  was  used  with  80  points  over  half  the  torus.  For  the 
second,  400  points  were  used. 

Table  A-l  shows  the  stresses  given  by  these  two  solutions  at  a  few  points  of  the 
torus  as  well  as  the  solution  obtained  with  the  MOLSA  code.  It  is  apparent  from  an  ex¬ 
amination  of  this  table  that  the  results  of  the  AVCO  code  converged  toward  the  MOLSA 
code  results  as  the  mesh  was  refined.  The  AVCO  code  results  with  the  fine  mesh  were 
almost  everywhere  within  1  percent  of  the  MOLSA  code  results. 

These  results  pointed  up  one  of  the  advantages  of  the  MOLSA  code  over  the  AVCO 
code,  namely,  that  the  accuracy  of  the  MOLSA  code  could  be  preselected,  while  the  accu¬ 
racy  of  the  AVCO  code  could  be  determined  only  by  running  a  problem  with  several  mesh 
sizes. 


As  a  further  step  in  the  evaluation  of  the  MOLSA  code,  calculations  were  made  of 
the  stresses  in  two  semitoroidal  bellows  studied  by  Turner  and  Ford.  (A- 32)  The  speci¬ 
mens  studied  were  Bellows  A  and  Bellows  D  of  their  paper.  Figure  A-l  shows  the  di¬ 
mensions  of  these  bellows.  Figures  A-2  through  A-5  show  the  results  that  Battelle  ob¬ 
tained,  as  well  as  the  experimental  and  theoretical  results  that  Turner  and  Ford  obtained 
for  a  1-ton  axial  load.  Although  they  used  a  simplified  theoretical  model  that  was  ap¬ 
proximately  valid  only  over  a  certain  range  of  parameters,  both  their  theoretical  and 
experimental  results  agreed  fairly  well  with  the  results  obtained  with  the  MOLSA  code. 

The  results  obtained  with  the  MOLSA  code  were  also  compared  with  data  published 
by  Laupa  and  Weil.  (A- 12)  j^ey  reported  the  stresses  calculated  at  four  points  of  a  U- 
shaped  bellows  under  axial  loading  and  under  internal  pressure.  Battelle  used  the 
MOLSA  code  to  investigate  the  same  configuration.  Figures  A-6  through  A-9  give  the 
membrane  and  bending- stress  resultants  in  meridional  and  circumferential  directions 
for  both  the  axially  loaded  and  the  pressurized  U-shaped  bellows.  The  solid  curves  are 
the  results  of  Battelle’s  calculations;  the  results  obtained  by  Laupa  and  Weil  at  the  four 
points  reported  are  also  shown.  To  convert  the  stress  resultants  shown  in  Figures  A-7 
through  A-9  to  the  stresses  reported  by  Laupa  and  Weil,  it  was  necessary  to  multiply 
the  membrane  stress  resultants  in  Figures  A-6  and  A-8  by  1/t  and  the  bending  stress 
resultants  in  Figures  A-7  and  A-9  by  6/t^,  where  t  =  0.  05  inch,  the  thickness  of  the  bel¬ 
lows.  Battelle's  results  obtained  with  the  MOLSA  code  were  in  excellent  agreement  with 
those  of  Laupa  and  Weil. 

A  limited  study  of  computer  programs  was  made  by  Dr.  H.  Kraus  of  United  Air¬ 
craft  for  the  Pressure  Vessel  Research  Committee  of  the  Welding  Research  Council.  (A-21) 
Kraus  studied  four  computer  programs  including  the  AVCO  code,  Kalnins1  code,  and  the 
SEAL  SHELL  II  code.  (A-33)  addition,  he  obtained  a  finite-difference  code  written 
by  Dr.  R.  K.  Penny  of  England.  He  applied  the  four  programs  to  the  analysis 
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of  a  spherical  shell  segment  and  a  cylindrical  pressure  vessel  with  a  hemispherical  head. 
In  addition,  he  applied  Kalnins'  code  and  the  SEAL  SHELL  II  code  to  a  segment  of  a  pres¬ 
surized  semitoroidal  bellows  restrained  against  axial  movement. 

Asa  result  of  his  study,  Kraus  concluded  that  Kalnins1  code  and  the  AVCO  code 
were  of  roughly  equal  speed  and  accuracy  and  were  superior  to  the  other  two  codes  on 
one  or  the  other  of  these  counts.  Kraus  did  not  compare  the  AVCO  code  with  Kalnins' 
code  for  the  bellows  problem  since  the  problems  with  specified  axial  displacement  could 
not  be  solved  directly  with  the  AVCO  code.  Kraus  outlined  a  procedure  by  which  the 
AVCO  code  could  be  used  to  solve  these  problems.  However,  it  involved  two  applications 
of  the  code  plus  some  hand  computations  and  he  did  not  feel  that  it  was  worthwhile. 

A  comparison  of  the  results  obtained  with  the  MOLSA  code  was  made  with  a  theo¬ 
retical  analysis  made  by  Hetenyi  and  Timms  for  a  welded  bellows.  (A- 34)  Their  approach 
was  to  analyze  a  half  corrugation  of  the  bellows  using  shallow- shell  theory.  The  MOLSA 
code  was  used  to  solve  the  problem  corresponding  to  Case  1  of  their  numerical  results. 

A  comparison  of  the  meridional  and  circumferential  surface  stresses  is  presented  in 
Figures  A- 10  through  A- 13. 

To  determine  whether  the  MOLSA  code  was  capable  of  analyzing  corrugated  dia¬ 
phragms,  the  Grover-Bell  diaphragm  was  analyzed.  The  solutions  obtained  were  com¬ 
pared  with  the  results  of  Dressier,  who  solved  the  problem  of  the  Grover-Bell  diaphragm 
with  clamped  edges.  (A-35)  Figures  A- 14  through  A-17  show  the  comparison  of  the  re¬ 
sults  obtained  by  Dressier  with  those  obtained  with  the  MOLSA  code  for  surface  stresses 
in  the  meridional  and  circumferential  directions. 

In  addition  to  the  comparison  of  the  solutions  obtained  by  the  different  programs  to 
specific  problems,  the  programs  were  compared  on  the  basis  of  simplicity  of  input,  ma¬ 
chine  running  time,  and  the  inherent  accuracy  of  the  approach  used.  In  each  of  these 
points,  Program  MOLSA  was  superior  to  the  AVCO  code.  In  addition,  it  was  determined 
that  Program  MOLSA  could  be  modified  to  simplify  the  input  further  so  it  could  be  used 
by  a  bellows  designer  with  little  computing-machine  experience.  This  would  be  difficult 
to  do  with  the  AVCO  code.  On  the  basis  of  the  comparisons  made  between  the  different 
programs,  Program  MOLSA  was  chosen  as  the  best  available  computer  program  for  the 
analysis  of  bellows  and  diaphragms. 

Although  the  input  format  of  the  MOLSA  code  was  quite  simple,  considerable  modi¬ 
fications  of  the  program  were  made  to  further  simplify  the  input,  to  permit  machine  plot¬ 
ting  of  the  stress  results,  and  to  extend  the  range  of  applicability  of  the  program.  The 
resulting  computing  program  was  used  for  most  of  the  calculations  performed  in  the 
earlier  stages  of  the  research  program,  including  the  analysis  of  multilayer  shells. 
Program  MOLSA  was  eventually  replaced  by  Program  NONLIN  for  carrying  out  tl  theo¬ 
retical  analyses  of  bellows  and  diaphragms. 

Program  NONLIN  is  fully  described  in  Appendixes  B  and  C.  This  program,  de¬ 
veloped  by  Dr.  J.  F.  Lestingi  of  Battelle,  permits  the  analysis  of  both  linear  and  non¬ 
linear  axisymmetric  deformations  of  bellows  and  diaphragms  and  linear  nonsymmetric 
deformations  of  bellows  and  diaphragms. 
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TABLE  A-l 


CCMPARISQH  CF  MCLSA  CODE  RESULTS  WITH  AVCO  COTE 
RESULTS  FCR  THE  STRESS  RESULTAHTS  H  AH  CMBGA- 
JOIHT  BELLOWS  UHEER  AXIAL  L0A1HHG 


Transverse  Stress  Circumferential 


Angle, 

Resultants, 

Meridional  Resultants 

Resultants 

¥ 

Q 

M<p 

*3 

*e 

MCLSA  Code 
0 

0 

4-95 

0.163 

-142.3 

0.049 

21 

-1.878 

6.06 

-0.189 

-157.9 

-0.057 

42 

-2.510 

9-10 

-1.089 

-115.6 

-0.317 

63 

0.7C7 

10.12 

-1.571 

100.4 

-0.427 

85 

5.026 

3-07 

0.447 

323.0 

-0.053 

106 

3.493 

-7.68 

1.350 

246.7 

0.474 

127 

-1-575 

-11.41 

1.711 

-9.6 

0.536 

148 

-3.947 

-9-18 

0.622 

-80.6 

0.184 

169 

-5.950 

-7.01 

-1.159 

-2.1 

-0.348 

AVCO  Code, 
0 

80  Mesh  Points 

-2.1  x  10-7 

4.95 

0.139 

-145.1 

0.042 

21 

-1.919 

6.08 

-0-224 

-157.1 

-0.067 

42 

-2.430 

9.03 

-1.076 

-110.3 

-0.312 

63 

0.785 

9.96 

-1.483 

104.6 

-0.400 

85 

5.050 

2.81 

0.429 

318.3 

-0.050 

106 

3.493 

-7.67 

1.273 

238.1 

0.450 

127 

-1.427 

-11.21 

1.678 

-8.6 

0.527 

148 

-3.925 

9.17 

0.645 

-76.5 

0.191 

169 

-5.972 

-7.01 

-1.028 

-2.1 

-0.309 

AVCO  Code, 

0 

400  Mesh  Points 

2.1  x  10'7 

4.95 

0.159 

-142.9 

0.048 

21 

-1.888 

6.06 

-0.196 

-157.8 

-0.059 

42 

-2.496 

9-09 

-1.086 

-114.5 

-0.316 

63 

0.723 

10.08 

-1.554 

101.5 

-0.421 

85 

5.031 

3.01 

-0.443 

322.2 

-0.052 

106 

3.492 

-7.68 

1.335 

245.0 

0.469 

127 

-1.547 

-11.37 

1.705 

-9.5 

0.534 

148 

-3.943 

-9.18 

0.627 

-79-9 

0.185 

169 

-5.952 

-7.01 

-1.133 

-2.1 

-0.340 

Bellows  A 


Btllows  0 


FIGURE  A- 1.  CROSS  SECTION  OF  BELLOWS  A  AND  BELLOWS  D 
CONSIDERED  BY  TURNER  AND  FORD 
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FIGURE  A-12 .  COMPARISON  OF  MOLSA  CODE  RESULTS  WITH  FIGURE  A-13.  COMPARISON  OF  MOLSA  CODE  RESULTS  WITH 

RESULTS  FROM  HETENYI  AND  TIMMS  CASE  1;  RESULTS  FROM  HETENYI  AND  TIMMS  CASE  1; 

CIRCUMFERENTIAL  STRESS  ON  UPPER  SURFACE  CIRCUMFERENTIAL  STRESS  ON  LOWER  SURFACE 
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APPENDIX  B 


DESCRIPTION  OF  COMPUTING  PROGRAM  NONLTN 


ABBREVIATIONS  AND  SYMBOLS 


T 

h 

w 

Q 

U0 

N0 

u  0 
N 

a 


ul>  u2 
Ql>  Q2 


n 


H 

a,  b,  c 
0 
S 

Am 

Ab 

e0 

e0 


Average  minimum  radius  of  curvature,  in. 

Bellows  thickness,  in. 

Displacement  in  direction  of  normal  to  shell  midsurface,  in. 

Effective  shear  resultant  force  in  direction  normal  to  the  shell,  lb/in. 
Displacement  in  meridional  direction,  in. 

Meridional  membrane  resultant  force,  lb/in. 

Angle  of  rotation  of  the  bellows  normal  in  the  meridional  direction,  deg 

Meridional  bending  moment  resultant,  in-lb/in. 

Displacement  in  the  circumferential  direction,  in. 

Effective  shear  resultant  in  circumferential  direction,  lb/in. 

Angle  of  rotation  between  the  coordinate  directions  "one"  and  "two"  and  the 
meridional  and  normal  directions  at  the  end  of  the  bellows,  deg 

Boundary  displacements  in  the  1  and  2  directions,  in. 

Boundary  resultant  forces  in  the  1  and  2  directions,  lb/in. 

Direction  of  normal  to  bellows  midsurface 

Tangential  direction  to  bellows  midsurface  in  meridional  plane 
Dimensional  parameters  for  shell  segments 

Angle  between  normal  to  bellows  surface  and  its  axis  of  revolution,  deg 
Meridional  arc  length  along  bellows  or  bellows  segment,  in. 

Deflection  imposed  on  the  mathematical  model,  in, 

Deflection  imposed  on  total  live  length  of  actual  bellows,  in. 

Surface  strain  in  the  meridional  direction,  in.  / in. 

Surface  strain  in  the  circumferential  direction,  in.  /in. 
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DESCRIPTION  OF  COMPUTING  PROGRAM  NONLIN 


This  appendix  is  intended  for  those  who  plan  to  use  the  computing  program  NONLIN 
for  the  analysis  of  composite  shells  of  revolution.  In  this  work,  a  composite  shell  is 
defined  as  a  shell  composed  of  a  number  of  distinct  parts  which  may  have  the  following 
shapes:  cylindrical,  spheroidal,  ellipsoidal,  paraboloidal,  conical,  or  toroidal.  The 
procedures  to  be  discussed  will  be  as  general  as  possible  so  that  the  bellows  designer 
can  make  maximum  use  of  the  full  capability  of  the  program.  The  appendix  is  divided 
into  two  parts:  B-I  -  NONLIN  Manual:  B-II  -  Analysis  Procedure  for  Bellows. 

Program  NONLIN  was  written  in  FORTRAN  IV  language  for  the  CDC  6400.  It  is 
believed  that  this  progr' m  should  be  easily  converted  to  run  on  any  machine  with  a 
FORTRAN  IV  compiler  and  a  32,  000-word  storage.  By  reduction  of  the  size  of  the  di¬ 
mension  statements  it  may  be  possible  to  implement  the  program  on  smaller  machines. 

B-I.  NONLIN  Manual 


a.  Shell  Parts 

b.  Shell  Segments 

c.  Loads 

d.  Sign  Convention  for  Fundamental  Variables 

e.  Boundary  Conditions  and  Boundary  Rotation  Angles 

f.  Meridional  Coordinate  and  Integration  Direction 

g.  Variable -Thickness  Data. 


B-I-a.  Shell  Parts 


In  order  to  describe  the  composite  shell,  the  user  must  divide  it  into  a  number  of 
parts,  Table  B-l  shows  the  distinct  shell  types  that  are  available  in  the  GOMTRY 
subroutine  to  model  the  parts.  Figure  B-l  shows  a  3 -part  composite  shell.  These 
shapes  are  described  in  detail  in  Figures  B-2  through  B-8.  Since  the  shell  parts  are 
indicated  on  the  inpic  cards  by  name,  the  spelling  given  in  the  right-hand  column  of 
Table  B-l  must  be  used  on  the  input  cards. 

An  incorrect  spelling  of  any  of  the  shell  types  given  in  Table  B-l  will  result  in  a 
termination  of  the  reading  of  the  input.  The  maximum  number  of  parts  allowed  in  this 
program  is  60. 


B-I-b,  Shell  Segments 

Since  the  method  used  in  this  program  is  based  on  initial-value  integration  of  the 
governing  differential  equations  over  sufficiently  short  segments  of  the  shell  part,  the 
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midsurface  of  each  part  must  be  divided  into  an  appropriate  number  of  equal  segments. 
The  number  of  segments  in  a  part  is  determined  from  the  following  relationship: 


number  of  segments  = 


3>/tT 


where 


T  =  the  average  minimum  radius  of  curvature 
h  =  average  wall  thickness. 

The  maximum  number  of  segments  allowed  in  this  program  is  60.  If  the  number 
of  segments  called  for  in  the  different  parts  totals  more  than  60,  no  calculations  will  be 
performed.  The  user  must  then  decide  on  a  new  mathematical  model.  However,  the 
cases  in  which  60  segments  are  needed  are  rare. 


B-I-c,  Loads 

The  distributed  loads  allowed  for  in  this  program  are  normal  pressure  (pounds  per 
square  inch),  unit  weight*  of  the  shell  material  (pounds  per  cubic  inch),  and  dead  weight* 
acting  on  the  shell  (pounds  per  square  inch).  When  analysis  is  made  for  unit-weight  and 
dead-weight  loadings,  the  shell  centerline  must  be  vertical.  These  quantities  must  be 
constant  over  the  entire  part. 

Boundary  loadings  can  also  be  specified  at  the  initial  and  final  edge  of  the  com¬ 
posite  shell.  Forces,  displacements,  moments,  or  slopes  can  be  specified  at  the 
boundaries.  See  B-I-e  for  a  complete  description  regarding  the  manner  in  which  these 
quantities  must  be  specified. 


B-I-d.  Sign  Convention  for 

Fundamental  Variables 

The  fundamental  variables  used  in  this  program  are  the  variables  which  appear  on 
the  boundary  of  the  rotationally  symmetric  shell.  These  variables  are 

w  =  displacement  along  normal  to  middle  surface,  in. 

Q  =  effective  shear  resultant  in  W  direction,  lb/in. 
u ^  =  meridional  displacement  of  middle  surface,  in. 

N ^  =  meridional  membrane  resultant,  lb/in, 

|S0  =  angle  of  rotation  of  the  normal  in  meridional  direction,  radians 
M0  =  meridional  moment  resultant,  in- lb/ in. 
u@  =  circumferential  displacement  of  middle  surface,  in. 

N  =  effective  shear  resultant  in  u@  direction,  Ib/in. 


"In  general,  the  unit  weight  and  dead  weight  for  bellows  and  diaphragms  can  be  specified  as  zero. 


The  positive  directions  of  these  quantities  are  shown  in  Figure  B-9  for  a  shell 
segment  which  has  a  normal  pointing  away  from  the  center  of  curvature.  Figure  B- 10 
gives  the  positive  di:  ections  of  the  fundamental  variables  for  a  shell  segment  which  has 
a  normal  pointing  toward  the  center  of  curvature. 


B-I-e.  Boundary  Conditions  and 
Boundary  Rotation  Angles 


Boundary  Conditions.  Boundary  conditions  at  the  initial  and  final  ends  of  the  shell 
are  prescribed  by  specifying  the  type  of  boundary  condition  by  name  and  specifying  its 
numerical  value.  For  axisymmetric  deformation,  three  boundary  conditions  must  be 
given;  for  nonsymmetric  deformation,  four  boundary  conditions  are  required.  When  the 
prescribed  boundary  forces  or  displacements  are  directed  along  the  normal  and  tangent 
to  the  shell  surface  at  the  boundary,  the  variables  that  must  be  considered  are  ihe  funda¬ 
mental  variables,  w,  Q,  u 0,  N0,  00,  M 0,  ug,  N.  In  some  cases,  it  may  be  necessary 
to  specify  the  boundary  conditions  in  terms  of  displacements  and  forces  which  are  not 
directed  along  the  normal  and  tangent  to  the  shell  at  the  boundary  but  along  some  other 
directions  (designated  the  1  and  2  axes).  When  this  case  occurs,  the  variables  which 
must  be  considered  are:  uj,  Qj,  U£,  Q2,  00,  M0,  uq,  and  N.  These  boundary  variables, 
along  with  the  names  used  to  designate  them  on  the  input  cards,  are  given  in  Table  B-2. 


Specification  and  Boundary  Conditions.  In  order  to  accurately  specify  the  boundary 
conditions  for  a  shell  of  revolution,  only  certain  combinations  of  the  boundary  variables 
may  be  used.  Table  B-3  shows  the  boundary  variables  separated  into  two  columns  ac¬ 
cording  to  whether  they  relate  to  displacements  or  forces. 

The  specification  of  the  boundary  conditions  requires  that  only  one  quantity  be 
chosen  from  each  row.  For  an  axisymmetric  ally  loaded  shell,  Row  4  need  not  be  con¬ 
sidered.  Examples  of  common-type  boundary  conditions  are  given  in  Figure  B-ll  along 
with  the  variables  which  must  be  prescribed. 


Boundary  Rota.ion  Angle,  When  the  prescribed  variables  are  along  the  normal  and 
tangent  to  the  shell  surface  at  the  boundary,  the  boundary  rotation  angle  is  zero.  For 
example,  see  Figure  B-ll  (a),  (b),  (d),  and  (f).  To  determine  the  boundary  rotation 
angle  when  the  prescribed  variables  are  not  along  the  normal  and  tangent  to  the  shell 
surface,  but  along  the  1-2  axes  [see  Figure  B- 11(c)  and  (e)],  the  following  procedure 
can  be  used.  Assume  that  the  boundary  condition  at  the  initial  edge  of  the  shell  is  that 
shown  in  Figure  B- 12(a).  The  support  allows  movement  of  the  composite  shell  edge 
along  the  A-A  axis  but  does  not  allow  any  movement  along  the  B-B  axis.  The  support  is 
not  capable  of  supporting  any  meridional  bending  moment.  The  first  step  in  deter¬ 
mining  the  proper  angle  is  to  sketch  a  boundary  support  in  which  the  boundary  rotation 
angle  is  zero.  One  such  possibility  is  shown  on  the  left  side  of  Figure  B- 12(b).  Note 
that  the  normal  and  tangential  directions  have  also  been  indicated  by  n  and  t0.:  These 
directions  are  fixed  by  the  choice  of  the  direction  of  integration.  Next,  associate  the 
1  axis  with  the  n  direction  and  the  2  axis  with  the  t0  direction.  Then  rotate  the  support 
to  the  position  actually  required  as  shown  in  Figure  B-12(a),  At  the  same  time,  allow 
the  1-2  axes  to  rotate  with  the  support.  By  doing  this,  the  final  position  of  the  1-2 
axes  will  be  as  shown  in  Figure  B- 12(b).  The  boundary  rotation  angle  is  a£  and  it  is 


defined  to  be  negative  since  the  direction  of  rotation  is  in  the  same  direction  as  the  inte¬ 
gration.  It  is  now  necessary  to  determine  which  boundary  variables  are  known.  An  ex¬ 
amination  of  Figure  B-  12(b)  shows  that  the  displacement  in  the  1  direction  is  zero,  so 
uj  =  0  while  the  force  in  the  2  direction  is  zero,  so  Q2  =  0. 

The  support  shown  in  Figure  B-  12(a)  can  be  obtained  from  a  second  boundary  sup¬ 
port  which  is  shown  on  the  left  side  of  Figure  B- 12(c).  The  normal,  tangent,  and  1-2 
directions  are  again  indicated.  The  rotation  of  the  support  must  now  be  made  in  a 
counterclockwise  direction  until  the  1  axis  is  coincident  with  the  A-A  axis.  The  sign  con  - 
vention  makes  this  angle  a,£  positive.  Now,  however,  the  force  in  the  1  direction  is  zero, 
thus  Q}  =  0,  while  the  displacement  in  the  2  direction  is  zero,  thus  =  0. 

In  considering  the  final  edge  of  the  shell,  the  same  sign  convention  introduced 
above  is  used.  In  order  to  show  the  latitude  one  has  in  defining  boundary  rotation  angles, 
the  boundary  condition  shown  in  Figure  B-13(a)  will  be  considered  in  detail.  The  support 
shown  in  Figure  B- 13(a)  is  skewed  with  respect  to  the  n-ty  axes.  Figure  B- 13(b)  indi¬ 
cates  one  possibility  of  rotating  a  zero-degree  boundary  angle  to  the  desired  position. 

The  angle  is  negative  since  the  rotation  in  this  case  is  in  the  same  direction  as  the  inte¬ 
gration,  the  displacement  uj  =  0,  and  the  force  =  0.  A  second  possibility  for  obtaining 
the  correct  boundary  condition  is  shown  in  Figure  B- 13(c).  Note  that  the  angle  is  nega¬ 
tive  but  Qj  =  0  and  =  0.  The  third  possibility  makes  use  of  the  same  support  shown 
in  Figure  B- 13(c).  However,  in  this  case  the  rotation  is  counterclockwise.  This  pro¬ 
duces  a  positive  boundary  rotation  angle.  Although  the  support  shown  on  the  right-hand 
side  of  Figure  B- 13(d)  is  pictorially  different  from  that  shown  in  Figure  B- 13(a),  it  has 
the  same  support  characteristics. 


Restrictions  on  Specification  of  Boundary  Conditions.  For  axisymmetric  loadings 
(i.  e.  ,  when  the  Fourier  harmonic  n  =  0),  the  displacement  parallel  to  the  shell  center- 
line  must  be  prescribed  at  the  initial  edge. 

For  nonsymmetric  deformations  (Fourier  harmonic  n  =  1),  the  displacement  per¬ 
pendicular  to  the  shell  centerline  must  be  prescribed  at  the  initial  edge. 


B-I-f .  Meridional  Coordinate  and 
Integration  Direction 


The  independent  coordinate  used  in  this  program  is  either  the  distance  s  shown  in 
Figures  B-2,  B-6,  and  B-8  which  is  measured  along  the  meridion  or  the  angle  0  which  is 
measured  between  the  normal  and  the  axis  of  symmetry  of  the  composite  shell.  The  s 
coordinate  is  used  only  for  the  CYLINDRICAL,  C0NICAL,  and  VARCYLINDER  parts. 

All  other  parts  are  described  by  the  angle  0. 

After  the  shape  of  the  mathematical  model  is  set  up,  the  initial  and  final  coordi¬ 
nates  and  radii*  of  each  part  must  be  obtained.  These  quantities  depend  on  the  choice  of 
the  direction  of  the  positive  normal  as  well  as  the  direction  of  integration.  The  basic 
concept  used  in  determining  these  quantities  is  that  within  any  one  part,  the  normal  to 
the  shell  middle  surface  must  be  continuously  turning.  This  implies  that  the  angle  which 
the  normal  makes  with  the  axis  of  symmetry  of  the  shell  can  increase,  decrease,  or 

''Definitions  of  those  parameters  for  each  type  of  part  are  given  in  Figures  B-2  through  B-8.  To  simplify  the  input,  the  length  of 
the  cylindrical  and  conical  shell  parts  has  teen  identified  as  "b”  and  is  thus  referred  to  as  a  "radius". 
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remain  constant  at  any  point  in  the  shell  part.  On  moving  from  part  to  part,  the  only 
restriction  is  that  the  middle  surface  be  continuous,  ft  is  not  necessary,  however,  that 
the  tangent  to  the  shell  middle  surface  be  continuous. 

Several  examples  will  be  shown  to  demonstrate  the  manner  in  which  the  radii  and 
coordinates  are  obtained.  A  composite  shell  which  is  composed  of  5  parts  is  shown  in 
Figure  B-14.  In  most  cases*  the  user  has  the  option  to  choose  either  end  of  the  shell  as 
the  initial  edge.  In  this  example,  the  initial  edge  is  chosen  at  point  A  so  that  the  direc¬ 
tion  of  the  0-90-180-270  axes  are  as  shown  in  Figure  B-14.  The  normal  on  the  first 
shell  part  must  be  chosen  to  point  away  from  the  shell  axis  of  revolution.  For  Part  1 
(V ARC Y LINDER),  the  angle  which  the  normal  makes  with  the  centerline  of  the  shell  is 
90.  0  degrees.  The  radius  "a"  for  a  VARCYLINDER  part  is  always  positive  and  is  GA 
in  this  case.  The  length  of  the  shell  is  AB  and  is  indicated  as  "b"  in  the  table  in  the 
lower  part  of  Figure  B-14. 

On  proceeding  to  Part  2  (CONICAL),  the  concept  of  the  continuously  turning  tangent 
must  now  be  used  to  determine  the  angle  which  the  normal  makes  with  the  centerline  of 
the  shell.  Note  that  at  B  the  shell  surface  is  continuous,  but  that  the  tangent  to  the  shell 
surface  is  discontinuous.  In  this  case,  the  continuously  turning  tangent  can  best  be  under¬ 
stood  if  one  imagines  that  Parts  1  and  2  are  connected  by  a  small  radius  part  (auxiliary 
part)  which  provides  a  continuous  tangent  to  the  shell  surface  in  going  from  Part  1  to  2. 
Then  as  the  normal  moves  across  this  auxiliary  part,  the  motion  will  be  in  a  counter¬ 
clockwise  direction,  which  in  this  case  means  that  the  angle  is  decreasing.  Eventually, 
the  normal  would  move  from  Part  1  across  the  auxiliary  part  and  on  to  Part  2.  At  this 
time  the  angle  would  be  50.  0  degrees  as  noted  in  Figure  B-14.  For  a  CONICAL  part, 
only  one  angle  is  necessary,  as  indicated  in  Figure  B-6.  The  radius  "a"  for  Part  2  is 
HB,  the  distance  from  the  centerline  of  the  shell  to  the  initial  edge  of  the  part.  This 
value  is  always  positive.  The  length  of  the  part  BC  is  indicated  as  radius  "b"  in 
Figure  B- 14. 

On  moving  to  Part  3  (SPHER0IDAL),  the  normal  makes  an  angle  of  50.  0  degrees 
with  the  centerline  at  Point  C  since  the  slope  of  the  shell  surface  at  C  is  continuous.  As 
the  normal  is  moved  along  Part  3,  it  begins  to  rotate  in  a  clockwise  direction,  which  in¬ 
dicates  that  the  angle  is  increasing.  It  finally  reaches  Point  D  where  the  magnitude  of 
the  angle  is  75.  0  degrees.  The  radius  of  this  part  is  +JC  since  the  normal  points  away 
from  the  Center  of  Curvature  J. 

On  entering  Part  4  (TOROIDAL),  the  normal  starts  to  rotate  counterclockwise.  On 
reaching  Point  E  (end  of  Part  4),  the  normal  makes  an  angle  of  20.  0  degrees  with  the 
horizontal.  Thus,  for  Part  4,  the  initial  coordinate  is  75.  0  degrees  and  the  final  coordi¬ 
nate  is  20.  0  degrees.  The  radius  "a"  for  Part  4  is  the  vertical  distance  ML.  The  radius 
"b"  is  -KD  since  the  normal  is  pointing  toward  the  Center  of  Curvature  K. 

In  order  to  move  from  Part  4  to  Part  5  (CONICAL),  imagine  that  an  auxiliary  part 
connects  the  two  parts  such  that  the  normal  is  continuously  turning.  This  would  show 
that  the  normal  would  be  rotating  in  a  clockwise  direction  across  the  auxiliary  part,  with 
the  angle  at  the  beginning  of  the  auxiliary  part  being  20.  0  degrees  and  that  at  the  end 
being  130.  0  degrees..  Thus,  the  initial  coordinate  for  Part  5  would  be  130.  0  degrees. 

Since  Part  5  is  CONICAL,  the  distance  "a"  is  measured  from  the  initial  edge  of  the  part 
to  the  centerline  of  the  composite  shell.  This  distance  is  ON.  The  length,  "b",  of  the 
part  is  EF, 

“See  restrictions  in  B-I-e 
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As  mentioned  previously,  the  user  can  usually  specify  either  end  of  the  shell  as 
the  initial  edge.  To  demonstrate  the  differences  in  describing  the  mathematical  model 
when  the  initial  edge  is  at  Point  A,  which  is  now  at  the  right-hand  side  of  the  shell. 

Figure  B- 1 5  has  been  prepared.  The  initial  and  final  coordinates  and  radii  are  given  in 
the  lower  portion  of  Figure  B- 1 5. 

A  six-part  composite  shell  is  shown  in  Figure  B-16.  The  initial  edge  of  the  shell 
is  taken  at  A  so  that  the  integration  is  from  A  to  G.  The  coordinates  and  radii  for  this 
shell  are  given  in  Figure  B-16.  The  angle  for  Part  1  is  180.  0  degrees  since  the  integra¬ 
tion  is  toward  the  centerline  of  the  shell.  The  “a"  distance  is  JK  since  Point  A  repre¬ 
sents  the  initial  edge  of  the  part. 

The  initial  angle  for  Part  2  is  220.  0  degrees  since  the  auxiliary  part  which  con¬ 
nects  Parts  1  and  2  would  cause  the  normal  to  rotate  in  a  clockwise  direction.  In  going 
from  B  to  C,  the  angle  would  start  to  decrease.  The  angle  in  fact  becomes  120.  0  at 
Point  C.  The  radius  BI  is  negative  since  the  normal  points  towards  the  Center  of 
Curvature  L 

The  angle  for  Part  3  becomes  150.  0  degrees  since  the  normal  rotates  30.  0  degrees 
clockwise  in  going  from  C  on  Part  2  to  C  on  Part  3.  The  "a"  dimension  for  Part  3  is  NO. 

To  determine  the  angle  for  Part  4,  imagine  that  the  normal  "turns  the  corner"  in  a 
counterclockwise  direction  at  Point  O.  This  causes  the  angle  to  decrease  to  its  value  of 
20.  0  degrees  on  Part  4.  The  radius  "a"  for  Part  4  is  DP  while  the  length  "b"  is  DE. 

In  going  from  Point  E  on  Part  4  to  Point  E  on  Part  5,  the  normal  turns  counter¬ 
clockwise,  which  indicates  that  the  angle  is  decreasing.  The  angle  passes  through  0.  0 
degrees  to  its  value  of  -30.  0*  at  Point  E  on  Part  5.  As  the  normal  moves  along  Part  5 
from  E  to  F,  it  executes  a  clockwise  movement.  Thus,  the  angle  is  increasing.  It 
reaches  the  value  of  120.  0  degrees  at  Point  F  on  Part  5.  The  radius  "a"  for  Part  5  is 
QR  while  the  radius  "b"  is  +EH  since  the  normal  is  pointing  away  from  the  Center  of 
Curvature  H. 

In  going  from  Point  F  on  Part  5  to  Point  F  on  Part  6,  the  normal  turns  counter¬ 
clockwise.  The  angle  for  Part  6  is  0.  0  degrees.  The  "a"  distance  is  ST,  while  the  lengtl 
"b"  is  FG. 

Figure  B-17  shows  the  same  shell  discussed  in  Figure  B-16.  The  initial  edge  is 
taken  on  the  right  side  of  the  shell.  The  initial  and  final  coordinates  and  radii  are  given 
in  the  table  in  the  lower  portion  of  Figure  B-17. 


B-I-g.  Variable-Thickness  Data 


When  a  shell  part  has  a  variable-thickness  distribution,  data  must  be  prescribed  in 
one  of  two  ways,  depending  on  the  shell  type.  For  the  VARCYLINDER  and  CONICAL 
types,  imagine  that  the  thickness  distribution  for  the  part  is  that  shown  in  Figure  B-18. 
The  shell  part  is  assumed  to  have  b  =  0.  6  inch.  For  example,  this  part  can  be  either  the 
VARCYLINDER,  Part  1  in  Figure  B-14,  or  the  C0NICAL,  Part  3  in  Figure  B-16.  Notice 
that  even  though  these  parts  are  described  by  giving  their  lengths  b,  it  is  necessary  to 
prescribe  one  s  coordinate  for  every  thickness  value.  When  specifying  variable-thicknesi 
data,  the  first  point  is  always  s  =  0  and  the  last  point  s  =  b. 

’Note  that  the  angle  must  have  continuous  variation  except  at  points  of  discontinuity.  Thus,  the  angle  is  allowed  to  become 
negative  here  after  passing  through  zero  instead  of  being  incremented  by  2  n  . 


Figure  B- 19  shows  variable-thickness  data  for  the  T0R0IDAL  Part  5  of 
Figure  B-16.  For  all  shell  parts  which  use  #  as  the  independent  coordinate,  the 
variable-thickness  data  must  be  prescribed  as  shown  in  the  tabulation  in  Figure  B-19. 
Notice  that  the  first  thickness  value  is  given  at  </>; niHal  =  -30. 0  degrees  and  the  last 
thickness  value  is  given  at  <pfi  nal  =  120.  0  degrees. 

The  present  program  allows  10  values  to  be  prescribed  per  part. 


B-IL  Analysis  Procedure  for  Bellows 

This  part  of  Appendix  B  is  intended  to  give  the  bellows  designer  a  nontechnical 
description  of  the  procedure  for  analyzing  formed  and  welded  bellows  and  diaphragms. 

A  prior  knowledge  of  the  contents  of  Appendixes  A  and  C  and  the  first  part  of  Appendix  B 
is  not  needed  to  understand  this  section.  However,  a  reading  of  Appendix  A,  for  a 
general  background  of  bellows  and  diaphragm  analysis,  and  of  the  first  part  of  this  ap¬ 
pendix  is  recommended  to  obtain  a  greater  understanding  of  the  multisegment-analysis 
approach 

This  discussion  of  the  analysis  procedure  is  divided  into  the  following  parts: 

a.  Preparation  of  Bellows  Cross  Section 

b.  Measurement  of  x-y  Coordinates  and  Thicknesses 

c.  Preparation  of  the  Mathematical  Model 

d.  Input  Preparation  for  Program  NONLIN 

e.  Description  of  Computer-Output  Sheets 

f.  Item-by-Item  Description  of  Input  Data 

g.  Item-by-Item  Description  of  Output  Data. 

The  descriptions  are  related  to  the  analysis  of  formed  bellows.  In  particular  the 
preparation  of  the  input  data  and  the  output  data  obtained  for  the  analysis  of  the  3 -inch 
formed  bellows  JD68  is  described.  The  results  of  the  analysis  of  this  bellows  were  re¬ 
ported  in  Appendix  E. 

Although  the  discussion  is  primarily  related  to  formed  bellows,  it  is  believed  that 
much  of  the  discussion  is  applicable  to  the  preparation  of  input  data  for  welded  bellows 
and  diaphragms.  The  differences  between  the  usual  description  of  boundary  conditions 
for  welded  and  formed  bellows  are  discussed. 


B-II-a.  Preparation  of  Bellows 
Cross  Section 


To  obtain  geometric  measurements  for  use  in  preparing  the  mathematical  model  of 
a  fabricated  bellows,  the  procedure  developed  in  the  research  program  requires  en¬ 
capsulation  of  the  specimen  in  a  hard  plastic,  cross  sectioning  the  block  after  curing, 
and  polishing  one-half  of  the  cross-sectioned  block.  The  details  of  this  procedure 
are  given  in  Appendix  P. 
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B-II-b.  Measurement  of  x-y  Coordinates 
and  Thicknesses 


According  to  the  assumptions  of  thin- shell  theory,  a  bellows  can  be  completely 
described  by  finding  the  exact  shape  of  the  midsurface  of  the  bellows  wall  and  the  wall 
thickness  at  each  point  of  the  bellows.  The  first  step  of  the  procedure  developed  for 
determining  both  bellows  shape  and  the  thickness  involves  making  hardness  impressions 
along  the  bellows  convolutions  with  a  Tukon  microhardness  tester  or  similar  instru¬ 
ment.  These  indentations,  which  are  carefully  made  in  the  center  of  the  bellows  wall, 
provide  benchmarks  for  measuring  the  cross-section  shape  of  the  bellows.  Appendix  P 
describes  the  method  of  making  these  impressions  and  of  making  precision  measure¬ 
ments  of  the  x-y  coordinates  of  each  benchmark.  The  thickness  of  the  specimen  wall  is 
also  measured  at  each  benchmark. 

The  number  of  convolutions  which  should  be  measured  depends  on  the  uniformity 
of  the  bellows.  If  the  bellows  convolutions  are  as  uniform  as  those  shown  in  Figure  E-2 
for  bellows  JD68,  then  measurements  need  be  made  only  for  one-half  of  one  convolution. 
Since  this  bellows  was  one  of  the  first  analyzed  in  this  program,  measurements  of  the 
x-y  coordinates  and  of  the  thickness  were  made  for  the  entire  convolution  to  check  the 
symmetry  of  the  convolution.  In  this  case,  the  convolution  was  very  nearly  symmetrica 
so  that  the  measurements  were  averaged  and  dimensions  for  only  "one-half"  of  the  con¬ 
volution  were  considered  in  the  mathematical  model.  Table  E-l  gives  the  x-y  coordi¬ 
nates  for  each  benchmark  for  JD68  with  respect  to  a  fixed  reference  point  (see 
Appendix  E  for  details)  and  the  thickness  measured  at  each  benchmark. 

If  the  bellows  has  nonuniform  convolutions  such  as  those  shown  in  Figure  B-20, 
then  it  is  necessary  to  measure  a  sufficient  number  of  convolutions  to  represent  the 
bellows.  In  the  analysis  of  this  bellows,  three  convolutions  were  measured  and  con¬ 
sidered  in  the  mathematical  model. 

For  a  welded  bellows,  at  least  two  leaves  must  be  measured  since  the  upper  and 
lower  leaves  of  a  convolution  do  not  have  the  same  shape.  Figure  B-21  shows  the  cross 
section  of  a  3-inch  single-ply  AM-350  welded  bellows.  In  this  case  two  complete  con¬ 
volutions  were  indented  and  measured.  The  results  for  the  upper  leaves  were  averaged 
as  were  the  results  for  the  lower  leaves.  Note  that  the  outermost  and  innermost  im¬ 
pressions  were  approximately  in  the  center  of  the  weld  bead.  The  placing  of  the  im¬ 
pressions  at  these  points  facilitates  the  construction  of  the  mathematical  model. 

In  general,  the  spacing  of  the  benchmarks  should  be  adjusted  to  the  shape  being 
measured.  A  sufficient  number  of  points  are  required  to  describe  the  convolution  shape 
Generally,  the  spacing  should  be  about  0.  010  inch.  In  curved  areas,  the  spacing  may  be 
as  small  as  0.,  002  inch,  while  in  flat  areas  it  may  be  as  large  as  0.  030  inch.  The  thick¬ 
ness  should  be  measured  within  ±0.  00001  with  a  Vickers  image- splitting  measuring  eye¬ 
piece  mounted  in  a  conventional  compound  microscope.  Any  equivalent  measuring  ap¬ 
paratus  can  be  used  for  the  thickness  measurements.  Experience  during  this  program 
indicates  that  a  filar  eyepiece  can  also  be  used.  However,  the  accuracy  obtained  with 
this  eyepiece  depends  on  the  ability  of  the  operator  to  align  the  cross  hair  along  the  edg< 
of  the  specimen  wall. 

In  addition  to  the  measurements  described  above,  the  distance  from  the  axis  of  th< 
bellows  to  the  origin  of  the  x-y  coordinate  system  is  required. 
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B-H-c.  Preparation  of  the 
Mathematical  Model 


Once  the  measurements  for  the  convolution  have  been  made  and  tabulated,  for 
example,  as  in  Table  E-l  (3-inch  single-ply  formed  bellows).  Table  F-l  (1-inch  single- 
ply  formed  bellows),  and  Table  H-l  (3-1/2-inch  single-ply  welded  bellows),  the  mathe¬ 
matical  model  can  be  prepared. 

The  measurements  are  first  plotted  on  standard  graph  paper.  For  bellows  of  the 
size  considered  in  this  program,  it  was  found  that  the  scale  should  be  approximately 
0.010  inch  per  inch.  This  scale  sometimes  requires  sheets  11  by  17  in.  or  larger. 

After  the  points  are  plotted,  a  continuous  curve  is  drawn  through  the  points  with  a 
French  curve. 

The  next  step  is  to  divide  this  curve  into  a  number  of  distinct  parts  of  the  type 
listed  in  Table  B-l  and  described  in  Figures  B-2  through  B-8.  This  procedure  requires 
some  judgment  on  the  part  of  the  analyst.  It  has  been  found  that  toroidal  and  conical 
parts  are  sufficient  to  represent  even  the  most  irregular  bellows  shapes.  Accurate 
determination  of  the  radii  of  the  toroidal  parts  usually  requires  a  trial-and-error  pro¬ 
cedure  in  which  overlays  of  different  radii  are  fitted  to  each  part.  Examples  of  some 
mathematical  models  obtained  in  this  way  are  shown  in  Figures  E-3,  F-4,  H-3,  and 
H-4.  These  figures  were  plotted  after  the  coordinates  and  radii  were  obtained  from 
much  larger  drawings. 

The  initial  and  final  coordinates,  ^initial  an<*  $final>  an<*  t*ie  radii  "a"  and  "b" 
described  in  Figures  B-2  through  B-8  must  then  be  measured  from  the  mathematical 
model.  Linear  and  angular  measurements  should  be  made  within  ±0.  0005  inch  and 
±0.  50  degree,  respectively.  This  information  should  then  be  tabulated  in  a  manner 
similar  to  that  shown  in  Tables  E-2,  F-2,  and  H-2. 


Variable-Thickness  Data.  To  determine  the  input  quantites  for  the  variable 
thickness,  the  thickness  is  plotted  as  shown  in  Figure  E-3  for  the  3-inch  single-ply 
bellows  JD68.  The  independent  variable  in  this  figure  is  the  radial  distance  from  the 
root  to  the  crown.  However,  this  dimension  cannot  be  used  as  input  data.  As  outlined 
in  B-I-g,  VARCYLINDER  and  CONICAL  parts  require  the  specification  of  the  thickness 
as  a  function  of  the  distance  s,  which  is  the  meridional  arc  length  measured  from  the 
beginning  point  of  the  part,  and  the  angle  4>  is  used  as  the  independent  coordinate  of 
other  parts  (see  B-I-g)., 

If  the  thickness  varies  linearly  over  the  meridional  length  of  a  part,  then  it  is 
necessary  to  specify  the  thickness  only  at  the  end  points  of  the  part  since  the  computer 
program  automatically  interpolates  linearly  for  the  thickness  between  any  two  data 
points.  In  this  case  the  independent  coordinates  of  the  thickness -data  points  are  s  =  0 
and  s  =  b  for  the  C0NICAL  and  VARCYLINDER  parts  where  b  is  the  shell  length  of  the 
part.  The  independent  coordinates  for  the  thickness -data  points  for  T0R0IDAL  parts 
would  be  (^initial  ai*d  $final  *or  t^ie  case  where  the  thickness  varies  linearly  along  the 
T0R0IDAL  part. 

In  some  instances,  the  measured  thickness  variation  along  the  part  cannot  be  re¬ 
presented  accurately  with  a  linear  variation  of  distance  over  the  full  length  of  the  part.. 
In  such  cases  it  is  necessary  to  represent  the  thickness  variation  as  a  piecewise  linear 
function  within  the  part.  This  i  squires  establishing  thickness-data  points  at  inter¬ 
mediate  points  of  the  part  as  well  as  at  the  end  points  of  the  part.  While  the  thickness 
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values  are  obtained  directly  from  a  thickness  plot  such  as  Figure  E-4,  the  related 
values  of  s  or  0  must  be  established  for  the  data  points.  This  determination  may  be 
done  graphically  by  plotting  the  points  on  the  cross  section  of  the  bellows.  Then  for  an 
intermediate  point  of  a  conical  part,  the  value  of  s  is  obtained  by  measuring  the  distanc* 
of  the  point  from  the  initial  point  of  the  part  (remembering  that  s  =  0  at  the  initial  point 
of  the  cone  or  cylinder).  For  a  T0R0IDAL  or  other  type  part  for  which  0  is  used  as  the 
independent  coordinate,  the  angle  of  the  normal  to  the  shell  at  the  plotted  point  may  be 
carefully  measured  with  a  protractor.  A  second  way  of  determining  the  appropriate 
values  of  s  or  0  would  be  to  substitute  the  value  of  the  radius  of  the  point  measured 
from  the  bellows  axis  into  the  equation  of  the  part  and  to  solve  for  the  value  of  s  or  0. 
For  instance,  the  equation  for  the  cylindrical  radius  at  any  point  of  a  T0R<JIDAL  part 
is 


r  =  a  +  b  cos 0  (B- 1 

By  substituting  the  values  of  a,  b,  and  r  in  the  equation,  it  is  possible  to  find  the  value 
of  0  using  tables  of  the  cosine  function. 


Continuity  of  Parts.  In  the  preparation  of  the  mathematical  model,  care  must  be 
taken  to  insure  that  the  information  describing  the  bellows  convolution  results  in  a  shap< 
which  is  continuous.  To  aid  the  analyst  in  achieving  this  goal,  an  internal  program 
check  has  been  included.  This  check  amounts  to  calculating  the  distance  from  the  cente 
line  of  the  specimen  to  the  beginning  and  end  of  the  part.  This  is  done  for  all  parts  and 
a  check  is  made  to  see  that  adjacent  parts  do  not  have  values,  which  describe  the  same 
po;nt,  differing  by  more  than  0.  0025  inch.  For  example,  for  the  shell  shown  in 
I  igure  B-22,  the  radial  distance  from  the  centerline  of  the  shell  to  Point  B  on  Part  1, 
denoted  by  r^  (and  given  by  the  relation  in  the  lower  half  of  the  figure),  must  be  within 
0.  0025  inch  of  the  radial  distance  from  the  centerline  of  the  shell  to  the  initial  point  on 
Part  2,  denoted  by  r^  =  a£.  Errors  in  measuring  distances  and  angles  as  well  as  sped 
fication  of  the  incorrect  signs  of  the  radius  "b"  will  result  in  subroutine  INPUT  rejectin 
the  data.  An  error  message  will  indicate  which  part  has  been  incorrectly  dimensioned. 

To  determine  the  correct  signs  of  the  angles  and  radii  for  formed  bellows  and 
diaphragms,  it  is  recommended  that  the  examples  in  Figures  B-14  and  B-15  be  studied. 
For  welded  bellows,  Figures  B-16  and  B-17  give  all  the  details  needed  to  correctly 
describe  the  shape. 


B-II-d.  Input  Preparation  for 
Program  NONLIN 

The  input  data  for  Program  NONLIN  is  composed  of  12  different  data  sets: 

1.  Title  cards  (3  cards) 

2.  Boundary-value  data  at  initial  edge  of  shell  (1  card) 

3. -  Boundary -value  data  at  final  edge  of  shell  (1  Card) 

4.  Rotation  angle  between  shell  supports  and  shell  centerline  at  initial 
and  final  edges  of  shell  (1  card) 

5.  Control  set  (1  card) 
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6.  Young's  modulus  and  Poisson's  ratio  (1  card) 

7.  Loading  parameters  —  pressure,  unit  weight,  and  dead  weight  (1  card) 

8.  Shell  type  and  control  information  for  each  part  (1  card  per  part) 

9.  Shell  geometrical  parameters  for  each  part  (1  card  per  part) 

10.  Variable  elastic  parameters  (1  card  per  part  when  the  elastic 
parameters  are  variable) 

11.  Variable  loading  parameters  (1  card  per  part  when  there  are  different 
loads  on  the  different  parts) 

12.  Variable  thickness  data  (2  to  4  cards  per  part  when  the  thickness  is 
variable). 

The  preparation  of  these  data  sets  is  relatively  simple  once  the  mathematical 
model  has  been  properly  prepared  and  the  parameters  described  in  tabular  form.  Data 
sheets  showing  the  proper  format  for  the  various  data  sets  are  shown  in  Tables  B-4 
through  B-7  for  all  of  the  data  sets  except  Sets  10  and  11*.  Preparation  of  these  data 
sheets  will  be  described  in  sufficient  detail  in  this  section  so  that  the  bellows  designer 
can  learn  to  prepare  these  forms  for  all  standard  types  of  bellows  and  diaphragms. 
However,  it  is  emphasized  that  a  real  understanding  of  the  procedure  will  usually  be 
acquired  only  after  a  number  of  bellows  have  been  analyzed.  A  more  complete  item-by¬ 
item  discussion  of  the  input  data  is  presented  in  Section  B-II-f  for  those  who  must 
analyze  nonstandard  shells  and  those  who  desire  a  deeper  understanding  of  the  input 
data. 


The  data  sets  will  not  be  discussed  here  in  numerical  order  but  will  be  considered 
in  certain  related  groups  in  the  following  way.  Data  Set  1  which  allows  a  3 -card  title  for 
each  problem  is  discussed  first.  Then  Data  Sets  5,  6,  8,  9,  10,  and  12,  which  deter¬ 
mine  the  shell  geometry  and  elastic  constants,  will  be  discussed.  Finally,  Data  Sets 
2,  3,  4,  7,  and  11,  which  relate  to  the  loading  parameters,  will  be  described. 

Each  of  the  input  data  will  be  illustrated  by  giving  the  input  data  prepared  for  the 
analysis  of  the  3-inch  formed  bellows  JD68  which  was  described  in  Appendix  E.  The 
mathematical  model  prepared  for  this  bellows  consisted  of  six  shell  parts  which  modeled 
one-half  of  one  convolution.  This  model  is  illustrated  in  Figure  B-23  which  was  trans¬ 
posed  from  Figure  E-3  so  that  the  orientation  of  the  axes  would  be  consistent  with  those . 
in  Figure  B-22.  The  integration  for  this  bellows  was  carried  out  from  the  root  to  the 
crown  for  the  3 -inch  bellows  so  that  the  first  part  is  at  the  root  and  the  sixth  part  is  at 
the  crown  of  the  convolution  as  shown.  The  problem  for  which  the  input  data  will  be 
illustrated  involves  axial  compression  of  the  10- convolution  bellows  by  0.  060  inch. 


Data  Set  1.  Title  Cards.  Three  free-field  title  cards  have  been  incorporated  in 
the  program  input  to  permit  identification  of  each  problem.  Any  combination  of  alpha¬ 
numeric  characters  acceptable  to  a  given  machine  system  is  permitted.  Three  cards 
must  be  read  in  for  every  problem,  but  any  part  of  all  three  cards  may  be  left  blank  if 
desired.  The  information  punched  on  the  cards  is  printed  at  the  top  of  the  output  data 
sheets  in  the  same  format  that  is  punched  on  the  cards,  A  sample  title  for  the  3 -inch 
bellows  is  shown  entered  in  the  data  sheets  in  Table  B-ll. 

'Data  Sets  10  and  11,  which  ar  seldom  used,  will  not  be  discussed  here.  For  a  discussion  of  these  data  sets,  see 
Section  B-II-f. 
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Input  Data  Sets,  5,  6,  8,  9,  10,  and  12.  Geometrical  and  Elastic  Parameters. 
Once  the  mathematical  model  has  been  properly  prepared  and  described  in  tabular  form 
it  is  relatively  simple  to  translate  the  information  to  the  data  sheets.  Table  B-8,  which 
is  a  reproduction  of  Table  E-2,  illustrates  the  geometrical  parameters  derived  from  the 
mathematical  model  of  the  3-inch  formed  bellows.  Table  B-9  gives  the  thickness  varia¬ 
tion  obtained  from  Figures  E-3  and  E-4.  The  data  in  Tables  B-8  and  B-9  are  used  to 
make  up  Data  Sets  5,  8,  9,  and  12.  Data  Set  6  is  used  to  enter  the  elastic  constants. 

Data  Set  5  contains  control  information.  For  the  analysis  of  the  linear  deflection 
of  the  formed  bellows,  only  the  number  of  parts  and  the  number  of  the  Fourier  har¬ 
monics  must  be  entered  in  this  set.  From  Table  B-8  it  is  seen  that  there  are  six  parts. 
Since  only  axisymmetric  deformation  was  considered,  only  one  Fourier  harmonic  was 
called  for  ana  this  was  the  o-th  harmonic.  These  entries  are  shown  in  Table  B-ll. 

Note  that  when  the  "error  control"  is  left  blank,  the  truncation  error  in  the  integration 
is  automatically  taken  to  be  1  x  10“®.  The  remaining  entries  in  Data  Set  5  are  used 
primarily  for  nonlinear  deformations.  These  are  described  in  Section  B-II-f. 

Data  Set  6  gives  the  values  of  Young's  modulus  and  Poisson's  ratio.  For  uniform 
materials  with  constant  elastic  properties,  the  first  entry  under  "Constant?"  is  "YES" 
and  the  values  of  the  constants  are  entered  as  indicated.  The  values  shown  in 
Table  B-ll  indicate  that  Young's  modulus  was  taken  to  be  0.  3  x  10®  and  Poisson's  ratio 
was  0.  3.  If  the  bellows  assembly  is  constructed  of  two  or  more  materials  with  different 
elastic  constants,  the  first  entry  would  be  "NO"  and  the  values  of  the  different  elastic 
constants  for  each  part  would  be  entered  as  Data  Set  10.  This  situation  is  expected  to 
occur  very  rarely  and  will  not  be  discussed  here.  However,  it  is  discussed  in 
Section  B-XI-f. 

Data  Set  8  is  used  to  enter  the  geometric  parameters  for  each  shell  part.  There 
is  one  card  for  each  part.  Thus,  for  the  3-inch  formed  bellows  there  were  6  cards 
and  6  lines  in  the  data  sheet  in  Figure  B-12.  A  comparison  of  Tables  B-8  and  B-12 
shows  how  the  geometrical  data  are  transferred*.  Note  that  the  names  of  the  shell  types 
must  start  in  Column  5.  The  number  of  the  segments  per  part  (Columns  43  and  44) 
are  calculated  from  the  formula 


„  ,  .  >  arc  length  of  PART 

Number  of  segments  - s — - -  .  (B-2) 

3/Th 

However,  it  is  not  critical  to  choose  exactly  the  right  number  for  every  part  and  it  is 
easy  to  estimate  the  number  after  some  practice.  In  making  such  estimates  it  is  better 
to  take  too  many  parts  than  not  enough.  The  maximum  allowable  number  of  segments 
for  the  entire  bellows  is  60. 

The  number  of  print  points  per  segment  controls  the  number  of  points  at  which  the 
program  will  print  stresses  and  displacements.  This  is  left  to  the  discretion  of  the 
designer. 

The  specification  of  the  shell  wall  thickness  is  controlled  by  the  last  three  entries 
in  Data  Set  8.  If  the  thickness  is  constant  in  each  part,  then  "YES"  is  entered  in 
Columns  52  through  54  and  the  thickness  in  Columns  57  through  64  under  the  heading 
"VALUE".  If  the  thickness  varies  within  a  PART,  then  "NO"  is  entered  in  Columns  53 


“The  radius  bj  is  entered  within  a  minus  sign  since  the  normal  to  the  shell  points  toward  the  center  of  curvature.;  Tins  is 
illustrated  in  Figure  B-1. 
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and  54  and  the  "VALUE"  field  is  left  blank.  The  number  of  points  within  each  part  at 
which  the  thickness  was  measured  is  inserted  in  Columns  68  and  69.  (This  latter  field 
is  left  blank  if  the  thickness  is  constant  in  each  part. )  The  data  for  the  thickness  varia¬ 
tion  of  the  3-inch  bellows  are  given  in  Table  B-9  where  the  independent  coordinate  has 
been  given  in  terms  of  the  angle  0  or  the  meridional  distance  s.  The  description  of  the 
conversion  from  radial  coordinates  to  0  or  s-coordinates  was  described  in  the 
Section  B-H-c  on  preparation  of  the  mathematical  model. 

The  thickness  data  for  each  part  are  entered  in  Data  Set  12.  Note  that  the  inde¬ 
pendent  coordinates  of  all  the  points  in  a  given  part  are  read  in  first  and  the  corre¬ 
sponding  values  of  the  thickness  are  then  read  in  on  the  next  card.  With  the  indicated 
format  it  is  possible  to  read  in  8  data  points  on  any  one  pair  of  cards  for  each  part. 

When  9  or  10  data  points  are  necessary  for  specifying  the  thickness  variation  in  any  one 
part,  the  10  independent  coordinates  are  written  on  two  lines  and  the  10  thickness  values 
are  then  written  on  the  next  two  lines. 


Input-Data  Sets  for  Boundary  and  Loading  Conditions.  Data  Sets  2,  3,  4,  and  7 
are  utilized  to  fix  the  boundary  and  loading  conditions.  Data  Set  2  gives  the  boundary 
conditions  at  the  initial  edge  of  the  shell,  while  Data  Set  3  gives  the  boundary  conditions 
at  the  final  edge  of  the  shell.  As  shown  in  Figure  B-4,  these  data  permit  a  specification 
of  up  to  four  different  boundary  conditions  at  either  end  of  the  shell.  However,  for 
axisymmetric  deformation,  only  three  boundary  conditions  are  used.  In  both  Data  Sets 
2  and  3,  the  boundary  conditions  are  specified  in  the  following  order: 

a.  Transverse  "F0RCE"  (Q)  or  "DISPLACEMENT"  (w)  is  called  for  by 
inserting  the  proper  word  under  "type"  beginning  in  Column  1,  Its 
value  is  then  given  in  Columns  13  through  20. 

b.  Meridional  "FORCE"  (N<p)  or  "DISPLACEMENT"  (u^)  is  called  for  by 
inserting  the  proper  word  in  Columns  21  through  32  with  the  value 
inserted  in  Columns  33  through  40. 

c.  Meridional  "MOMENT"  (M^)  or  "SLOPE"  (/B^)  is  called  for  by  inserting 
the  proper  word  in  Columns  41  through  52  with  the  value  inserted  in 
Columns  53  through  60. 


The  choice  of  the  appropriate  boundary  conditions  for  the  formed  bellows  is  ar¬ 
rived  at  in  the  following  way.  An  inspection  of  the  cross  section  of  the  bellows  illu¬ 
strated  in  Figures  E-l  and  E-2  shows  that  the  ends  of  the  half  convolution  illustrated 
in  Figure  B-23  lie  on  planes  of  symmetry.  This  means  that  the  transverse  shear  force 
Q  and  the  angle  of  rotation  of  the  normal  in  the  meridional  direction  /30  are  zero  at 
both  edges  of  the  shell.  In  the  meridional  direction  it  is  desirable  to  specify  the  dis¬ 
placement  at  both  ends  of  the  convolution.  Thus,  the  type  descriptions  on  Data  Sets  2 
and  3  would  be  F0RCE,  DISPLACEMENT,  SL0PE  for  both  axial  deflection  and  pressure 
loading.  When  the  bellows  is  subjected  to  an  internal  or  external  pressure  loading  with 
no  axial  deflection,  the  values  for  the  boundary  conditions  are  all  zero.  When  the  bel¬ 
lows  is  subjected  to  an  axial  deflection  loading,  the  magnitude  of  the  displacement  is 
given  in  Columns  33  through  40  either  on  Data  Set  2  or  Data  Set  3.  The  magnitude  of 
the  displacement  Am  imposed  on  the  mathematical  model  is  related  to  the  displacement 
Ajj,  imposed  on  the  bellows  by  the  following  equation: 


m 


-  Number  of  convolutions  in  mathematical  model 
Number  of  convolutions  in  actual  bellows 


x  A, 


(B-3) 
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Thus,  for  example,  if  a  bellows  has  10  convolutions  and  the  mathematical  model  is 
one-half  of  one  convolution,  the  deflection  imposed  on  the  mathematical  model  would  be 
1  /20  of  the  deflection  imposed  on  the  actual  bellows.  Thus  Am  for  the  3-inch  bellows 
is  taken  to  be  0.  003  inch. 

If  the  displacement  Am  is  imposed  at  the  final  edge,  an  extension  of  the  formed 
bellows  would  be  read  in  as  a  positive  value  while  a  compression  of  the  formed  bellows 
would  be  read  in  as  a  negative  value  as  shown  in  Data  Set  3  in  Table  B-ll.  The  signs 
are  reversed  if  the  deflection  is  imposed  at  the  initial  edge. 

Data  Set  4  is  used  to  specify  the  angle  between  the  directions  in  which  the  end 
conditions  are  applied  and  the  directions  of  the  normal  and  tangent  to  the  shell  meridion 
at  each  end  of  the  shell.  The  angles  are  zero  as  shown  in  Table  B-4  for  both  ends  of 
the  shell  since  the  w  and  U0  are  specified  in  the  direction  of  the  normal  and  in  the  meri¬ 
dional  direction,  respectively,  for  the  formed  bellows.  It  will  be  seen  later  that  nonzero 
rotation  angles  are  necessary  when  fixing  the  boundary  conditions  for  welded  bellows. 

Data  Set  7  is  utilized  when  the  shell  is  subjected  to  a  pressure  load  or  a  unit- 
weight  or  dead-weight  loading.  When  these  parameters  are  constant  (including  zero) 
over  the  entire  bellows,  "YES"  is  entered  under  "Constant?"  in  Columns  3  through  5 
and  the  appropriate  values  are  inserted  in  the  other  parts  of  the  table.  When  there  is  no 
pressure,  unit  weight,  or  dead  weight,  zeros  are  to  be  inserted  in  the  fields  as  shown 
in  Table  B-ll,  but  "YES"  is  inserted  in  the  first  field.  It  is  believed  that  the  capability 
of  the  program  to  analyze  problems  with  variable  pressure  or  weight  loads  will  be 
rarely  used.  For  such  a  problem,  "NO"  is  inserted  in  the  first  field  of  Data  Set  7  and 
the  variable  loads  are  inserted  in  Data  Set  11.  This  procedure  is  described  in 
Section  B-II-f.: 

Finally,  in  order  to  solve  the  problem  of  linear  deformation  of  the  3-inch  formed 
bellows  under  internal  pressure  with  end  restraints,  the  only  required  changes  in  the 
input  data  are  that  the  displacement  value  in  Columns  34  through  39  of  Data  Set  3  be  set 
to  zero  and  the  pressure  value  in  Columns  9  through  19  of  Data  Set  7  be  set  equal  to  the 
desired  pressure. 

For  additional  guidance  the  actual  cards  used  for  the  input  data  for  the  3-inch 
bellows  are  reproduced  in  Figures  B-24  through  B-26, 


Welded  Bellows  Boundary  Conditions.  The  input  data  for  welded  bellows  are  more 
complicated  than  for  formed  bellows  for  two  reasons.  The  first  reason  is  that  the  upper 
and  lower  leaves  are  not  symmetric  so  that  the  mathematical  model  cannot  be  applied  to 
only  one -half  convolution.  In  practice,  it  is  usually  desirable  to  model  at  l>ast  two  full 
convolutions  The  stresses  and  strains  of  the  middle  leaves  are  then  taken  to  be 
representative  of  the  behavior  of  the  internal  convolutions  of  the  actual  welded  bellows. 

The  second  complicating  factor  in  the  analysis  of  welded  bellows  is  that  the  mid¬ 
surface  of  the  bellows  is  often  inclined  with  respect  to  the  bellows  axis  at  the  bellows 
root  or  crown.  An  example  of  this  is  shown  in  Figure  B-21.  Further,  the  advanced- 
design  welded  bellows  developed  in  the  research  program  has  flat  sections  which  are 
deliberately  inclined  to  the  bellows  axis.  For  the  analysis  of  these  bellows,  it  is  neces¬ 
sary  to  utilize  the  boundary-rotation  capability  of  Data  Set  4.  The  specification  of  the 
boundary  conditions  and  rotation  angles  was  described  in  detail  in  Section  B-I-e.  How¬ 
ever,  this  section  was  written  to  cover  all  possible  situations  and  thus  is  somewhat 
complicated.  For  the  routine  analysis  of  welded  bellows  it  is  suggested  that  the  follow¬ 
ing  procedure  be  followed. 


As  noted  above,  one  or  more  complete  convolutions  must  be  analyzed  for  the 
welded  bellows.  It  is  recommended  that  the'  initial  edge  of  the  bellows  be  at  the  crown 
of  the  upper  diaphragm  of  the  upper  convolution  and  the  final  edge  be  at  the  crown  of  the 
lower  diaphragm  of  the  last  convolution.  The  numerical  integration  is  carried  out  from 
the  crown  to  the  root  of  the  upper  diaphragm  of  the  first  convolution,  then  from  the  root 
to  the  crown  of  the  lower  diaphragm  of  the  first  convolution;  this  procedure  is  followed 
until  the  crown  of  the  lower  diaphragm  of  the  last  convolution  is  reached.  With  this 
convention  the  rotation  angles  at  the  edges  of  the  shell  can  be  standardized  as  shown  in 
Figure  B-27.  When  the  bellows  flat  is  perpendicular  to  the  centerline  as  shown  by  the 
middle  drawing  for  both  edges,  then  the  rotation  angles  of  Data  Set  4  are  zero  and  the 
three  boundary  condition  types  for  both  Data  Sets  2  and  3  are  in  the  order 
"DISPLACEMENT",  "FORCE",  "SLOPE".  When  the  bellows  flats  are  inclined  from  the 
horizontal  one  way  or  the  other,  then  for  the  different  orientations  indicated  in 
Figure  B-27,  the  rotation  angles  to  be  entered  in  Data  Set  4  are  given  in  Table  B-10. 

The  boundary  condition  types  are  still  in  the  order  "DISPLACEMENT",  "FORCE",  and 
"SLOPE".  For  a  pressure-loaded  bellows  with  end  restraint,  all  of  the  values  are  set 
to  zero.  For  axial  displacement  the  desired  value  of  the  total  displacement  for  the 
number  of  convolutions  included  in  the  mathematical  model  is  entered  in  Columns  13 
through  20  of  Data  Set  3.  This  displacement  can  be  found  by  multiplying  the  deformation 
for  the  entire  bellows  by  the  ratio  of  the  number  of  convolutions  in  the  mathematical 
model  to  the  number  of  convolutions  in  the  full  bellows.  A  positive  value  of  the  displace¬ 
ment  is  used  in  this  case  for  compression  and  a  negative  value  for  extension. 


B-II-e,  Description  of 

~  Computer -Output  Sheets 


The  interpretation  of  the  output  of  the  computer  program  is  quite  straightforward. 
The  output  sheets  obtained  from  the  analysis  of  the  3 -inch  formed  bellows  are  repro¬ 
duced  in  Tables  B-15  through  B-20.  The  title  page  is  printed  out  of  an  array  perma¬ 
nently  stored  in  Subroutine  INPUT.  This  may,  of  course,  be  changed  for  each  com¬ 
pany's  purpose.  Tables  B-16  through  B-18  give  the  input  data  that  were  entered.  This 
may  be  checked  visually  to  insure  that  the  proper  input  data  were  key  punched.  Tables 
B-19  and  B-20  give  the  values  of  the  stress  resultants  and  moments,  the  displacements 
and  strains,  and  the  surface  stresses  at  each  of  the  print  points  requested.  An  item- 
by-item  description  of  the  output  is  given  in  Section  B-U-g  to  aid  in  interpretation  of 
any  unfamiliar  quantities. 

Finally,  it  is  noted  that  many  checks  have  been  incorporated  in  the  program  to 
insure  that  the  rules  governing  the  specification  of  the  data  are  followed.  However,  the 
data  concerning  the  specification  of  the  variable  thickness  are  not  checked  internally. 
Consequently,  these  should  be  checked  by  the  analyst  when  he  reviews  his  output.  It  is 
important  that  when  variable -thickness  data  are  prescribed  for  parts  described  by  the 
independent  coordinate  <$>,  the  initial  and  final  independent  coordinates  describing  the 
thickness  variation  be  the  same  as  the  initial  and  final  coordinates  of  the  part.  When 
the  part  is  prescribed  by  the  distance  s,  the  initial  coordinate  must  be  s  =  0  and  the  final 
coordinate  s  =  b  for  thickness-variation  input. 

The  boundary  conditions  at  the  final  edge  of  the  shell  should  be  checked.  When  the 
boundary- rotation  angle  at  the  end  of  the  shell  is  0  degrees,  the  three  fundamental  vari¬ 
ables  that  were  prescribed  at  the  boundary  should  agree  closely  with  the  last  entries  in 
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the  appropriate  columns  of  the  stress -resultant  and  displacement  table  which  is  similar 
to  Figure  B-19.  If  a  large  discrepancy  is  found,  then  a  check  should  be  made  of  whether 
the  number  of  segments  selected  for  the  parts  is  sufficient  and  if  all  the  input  is  correct. 

When  the  boundary-rotation  angle  is  not  zero,  the  boundary-input  quantities  will 
not  appear  explicitly  for  the  axial-loading  case.  A  simple  check  on  the  correctness  of 
the  solution  can  be  obtained  by  using  the  following  equations: 

uj  =  w  cos<£  -U0  si n$  ;  (B-4) 

N2  =  Q0  sin$  +  N<j)  sin<£  .  (B-5) 

The  displacement  u^  should  equal  the  deflection  imposed  on  the  bellows,  while  the 
force  N2  should  be  zero. 

For  a  bellows  analysis  the  quantity  that  is  usually  of  most  importance  is  the 
meridional  strain.  This  is  denoted  as  EPS  PHI  on  the  output.  The  maximum  strain 
for  axial  loading  is  related  to  the  fatigue  life  as  explained  in  Appendix  K. 


B-II-f.  Item-by-Item  Description 
of  Input  Data 


The  computer  input  cards  which  are  necessary  to  perform  an  analysis  using 
NONLIN  will  be  described  in  this  section.  The  special  INPUT  DATA  sheets  discussed 
earlier  conform  with  the  indicated  FORMATS  in  each  data  set. 


Data  Set  1  Job  Identification 


READ  (5,  500)  TITLE  1,  TITLE  2,  TITLE  3 
500  FORMAT  (80  Al) 

Any  information  can  be  placed  on  these  three  cards.  It  is  necessary 
to  have  three  cards,  although  any  can  be  left  blank. 


Data  Set  2  Boundary  Data  at  Initial  Edge 
READ  (5,  530)  (B0UNDI  {  I  ),  GA  (  I  ),  1=1,4) 

530  FORMAT  (4  (A6,  6X,  F8.2)) 

B0UNDI  (1)  is  either  DISPLACEMENT  or  FORCE  in  w  or  1  direction 
GA  (1)  is  its  value 

B0UNDI  (2)  is  either  DISPLACEMENT  or  FORCE  in  u^  or  2  direction 
GA  (2)  is  its  value 
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B0UNDI  (3)  is  either  SL0PE  or  MOMENT 
GA  (3)  is  its  value 

B0UNDI  (4)  is  either  DISPLACEMENT  or  F0RCE  in  u@  direction 
GA  (4)  is  its  value 

For  an  axisymmetrically  loaded  shell  BOUNDI  (4)  and  GA  (4)  need  not  be 
specified. 


Data  Set  3.  Boundary  Data  at  Final  Edge 


READ  (5,  530)  (B0UNDF  (I),  GB  (I),  1=5,8) 


530  FORMAT  (4  (A6,  6X,  F8.  2)) 


B0UNDF  (5) 
GB  (5) 


is  either  DISPLACEMENT  or  FORCE  in  w  or  1  direction 
is  its  value 


B0UNDF  (6) 
GB  (6) 


is  either  DISPLACEMENT  or  FORCE  in  u^  or  2  direction 
is  its  value 


B0UNDF  (V) 
GB  (7) 


is  either  SLOPE  or  MOMENT 
is  its  value 


B0UNDF  (8) 
GB  (8) 


is  either  DISPLACEMENT  or  FORCE  in  u@  direction 
is  its  value 


For  an  axisymmetrically  loaded  shell  B0UNDF  (8)  and  GB  (8)  need  not  be  specified. 


Data  Set  4  Boundary  Rotation  Angles 
READ  (5,  565)  ALXL,  ALXR 
565  FORMAT  (8  F10.  5) 

ALXL  is  the  boundary  rotation  angle  at  the  initial  edge  of  the  shell 
ALXR  is  the  boundary  rotation  angle  at  the  final  edge  of  the  shell 


Data  Set  5  Control  Card 

READ  (5,  561)  IBRM,  ITER,  NDUMMY,  PLOT,  INTPRN,  INTVAL,  LEVEL1, 
LEVEL2,  ERP,  C0NVER,  NUMHAR,  (NF0URA  (I),  1=  1,8) 

561  FORMAT  (815,  2E10.  3,  1012) 

IBRM  =  number  of  parts  in  composite  shell 

ITER  =  number  of  iterations  at  a  load  level  for  nonlinear 
calculations.  ITER  =  0  for  linear  analysis 
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NDUMMY  =  not  presently  used 

INTPRN  =  0  indicates  that  intermediate  results  from  the  nonlinear 
analysis,  i.  e. ,  values  of  parameters  and  slopes,  will 
not  be  printed  out.  Use  1  to  obtain  values. 

INTVAL  =  0  indicates  that  intermediate  results  from  the  initial  value 
integrations  will  not  be  printed  out.  Use  1  to  obtain  values. 

LEVEL1  =  number  of  increments  into  which  the  loading  is  divided  for 
nonlinear  analysis. 

LEVEL2  =  not  presently  used 

ERP  =  accuracy  for  integration  subroutine.  If  left  blank,  it  is 
internally  set  to  1.  0  E-05. 

C0NVER  =  convergence  criteria  for  use  in  nonlinear  analysis. 

NUMHAR  =  number  of  F0URIER  harmonics  in  the  analysis.  For  a 

nonlinear  analysis,  NUMHAR  n  1.  For  a  linear  analysis, 
NUMHAR  must  not  be  greater  than  8,  If  the  shell  is 
axisymmetrically  loaded,  NUMHAR  «=  l.  For  a  nonsymetri- 
cally  loaded  shell  which  has  the  same  boundary  conditions 
for  all  harmonics,  NUMHAR  can  have  any  value  up  to  8. 

NF0URA  (I)  =  F0URIER  harmonic  value.  For  an  axisymmetric  deforma¬ 
tion,  NFOURA  (1)  =  0 


Data  Set  6  Elastic  Parameters 


READ  (5,  563)  NELAS,  Y0UNG,  P0IS0N 


563  F0RMAT  (2X,  A2,  4X,  Ell.  4,  4X,  F6.4) 

NELAS  is  either  YES  or  N0.  YES  indicates  that  the  elastic  param¬ 
eters  are  the  same  for  each  part  in  the  composite  shell. 

If  YES,  then  the  values  of  Young's  modulus  and  Poisson's 
ratio  are  read  in  on  the  same  card.  If  N0,  the  values  for 
each  part  are  read  in  as  Data  Set  10. 


Y0UNG  Young's  modulus  (lb/ in.  2) 

P0IS0N  Poisson's  ratio  (in, /in,  ) 


Data  Set  7  Loading  Parameters 

READ  (5,  680)  NPRES,  PRESS,  DENSTY,  DEAD 

680  F0RMAT  (2X,  A2,  4X,  3F  14.  5) 
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NPRES  is  either  YES  or  NO.  YES  indicates  that  the  distributed 

loadings  are  the  same  for  each  part  in  the  composite  shell. 

If  YES,  then  the  values  of  the  normal  pressure,  the  weight 
density  of  the  material,  and  the  dead  loading  on  the  shell  are 
given  on  the  same  card.  If  NO,  then  the  values  for  each  part 
are  read  in  as  Data  Set  11. 


Data  Set  8  Shell  Type 

(One  card  is  needed  for  each  part) 

READ  (5,512)  (NAME2  (L),  SI  (L),  SX  (L),  IPAR  (L),  INT  (L),  TDIST  (L), 
VN(I,  L),  VARTIK  (L),  L  =  1,  IBRM) 

512  FORMAT  (4X,  A6,  6X,  F  11.5,  F  12.5,  215,  2X,  A2,  IX,  F  10.5,  15) 

NAME2  (L)  indicate  the  shell  type  by  name.  Use  the  spellings  in 
Table  B-l. 

SI  (L)  initial  coordinate  of  part. 

SX  (L)  final  coordinate  of  part. 

IPAR  (L)  number  of  segments  in  part.  See  formula  in  B-I-b  to  deter¬ 
mine  the  number  of  segments  (maximum  of  60). 

INT  (L)  number  of  print  points  per  segment. 

TIDST  (L)  either  YES  or  NO.  YES  if  thickness  is  constant  through¬ 
out  the  part. 

VN(1,L)  if  TDIST  (L)  is  YES,  then  give  part  thickness;  if  NO, 
then  leave  blank. 

VARTIK  (L)  li  TDIST  (L)  is  YES,  then  leave  blank.  If  TDIST  (L)  is 
NO,  then  give  number  of  points  which  specify  the  distri¬ 
bution.  VARTIK  (L)  cannot  be  greater  than  10  or  less 
than  2. 


Data  Set  9  Shell  Geometry 

(One  card  is  needed  for  each  part) 

READ  (5,  562)  (VN(2,L),  VN(3,L),  VN(4,L),  L  =  1,  IBRM) 

562  FORMAT  (3X,  3  F12.  5) 

VN  (2,  L)  Radius  a 
VN(3,L)  Radius  b 
VN  (4,  L)  Radius  c. 
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Iuta  Set  10  Variable  Elastic  Parameters 


(Read  only  when  NELAS  =  N0  on  Data  Set  6. 
One  card  is  needed  for  each  part) 


READ  (5,  564) 
564  FORMAT 
EYM(L) 
PSR(L) 


(EYM  (L),  PSR  (L),  L  =  1,  1BRM) 
(8X,  E  11.4,  4X,  F6.4) 

Young's  modulus 
Poisson's  ratio 


Data  Set  11  Variable  Loading  Parameters 

(Read  only  when  NPRES  =  NO  on  Data  Set  7. 

One  card  is  needed  for  each  part) 

READ  (5,  566)  (VN  (5,  L),  VN  (6,  L),  VN  (7,  L),  L  =  1,  IBRM 

566  FORMAT  (5X,  3  F15.  5) 

VN  (5,  L)  is  the  normal  pressure  acting  on  the  shell  (lb/ in.  2) 

VN  (6,  L)  is  the  weight  density  of  the  material  (lb/ in.  3) 

VN  (7,  L)  is  the  dead  loading  acting  on  the  shell  (lb/in.  2), 

The  sign  of  the  above  loadings  depends  on  the  direction 
of  the  normal. 


Data  Set  12  Variable  Thickness 

(These  data  are  read  only  for  a  part  when  VARTIK  (L) 
is  2  or  greater  on  Data  Set  8. ) 

READ  (5,  565)  (XP  (I,  L),  1=1,  NPNT) 

READ  (5,  565)  (YP(I,L),  1=1,  NPNT) 

565  FORMAT  (8  F10.  5) 

NPNT  is  internally  set  to  VARTIK  (L) 

XP  (I,  L)  is  the  independent  coordinate  at  which  the  thickness  value  is 
specified.  For  all  shell  types  except  the  VARCYLINDER  and 
CONICAL,  the  independent  coordinate  is  an  angle  in  degrees. 
For  the  VARCYLINDER  and  CONICAL,  the  independent  co¬ 
ordinate  is  the  arc  length  "s"  measured  along  the  meridion. 
The  first  point  XP  (1,  L)  must  be  zero  for  the  VARCYLINDER 
and  CONICAL  shell  types,  while  the  last  point  XP  (NPNT,L) 
must  be  equal  to  the  length  of  the  shell  part,  b. 
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YP  (I,  L)  is  the  thickness  at  the  point  corresponding  to  XP  (I,  L). 


Note  that  the  565  FORMAT  allows  only  8  entries  per  card.  Thus,  if  a  part  has 
VARTIK  (L)  equal  to  9  or  10,  two  cards  must  be  used  to  describe  XP  (I,  L)  and  two 
cards  must  be  used  to  describe  YP  (1,  L).  The  sequence  of  cards  for  a  part  which  has 
VARTIK  (L)  =10  would  be  as  follows: 


Card  1  would  have 
Card  2  would  have 
Card  3  would  have 
Card  4  would  have 


8  values  of  XP; 
2  values  of  XP; 
8  values  of  YP; 
2  values  of  YP. 


B-II-g.  Item-by-ltem  Description 
of  Output  Data 


The  output  presently  available  from  Program  NONLIN  is  outlined  below: 

(a)  Header  page  which  gives  name  of  company.  Any  title  appropriate  to  a 
given  company  can  be  obtained  by  modifying  F0RMAT  statement 
Numbers  534,  535,  536,  537,  539  in  subroutine  input. 

(b)  (1)  First  three  printed  lines  are  the  Job  Identification  cards  supplied 

by  user. 

(2)  Boundary  conditions  are  then  listed  along  with  boundary  rotation 
angles. 

(3)  If  elastic  parameters  are  the  same  for  every  part  in  the  shell,  their 
values  are  given. 

(4)  If  loading  parameters  are  the  same  for  every  part  in  the  shell, 
their  values  are  given. 

(c)  (1)  First  three  printed  lines  are  the  Job  Identification  cards. 

(2)  Geometry  of  shell  is  now  listed.  The  following  items  are  given: 
Part  number,  type  of  part,  number  of  segments,  coordinates,  radii 
a,  b,  and  c,  and  thickness  data.  If  thickness  is  constant,  a  YES  is 
printed  along  with  the  value.  If  thickness  is  variable,  a  N0  is 
printed  and  entry  under  value  is  left  blank.  If  there  are  more  than 
40  parts  in  the  composite  shell,  the  numbers  over  40  are  listed  on 
the  next  page. 

(d)  If  NELAS  on  Data  Set  6  is  YES,  then  following  is  printed  out.  Other¬ 
wise  go  to  (e). 

(1)  First  three  printed  lines  are  the  Job  Identification  cards. 

(2)  The  part  number,  type,  Young's  modulus,  and  Poisson's  ratio 
are  then  given. 

If  there  are  more  than  40  parts  in  the  composite  shell,  the  numbers 
over  40  are  listed  on  the  next  page. 
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(e)  If  NPRES  on  Data  Set  7  is  YES,  then  the  following  is  printed  out. 
Otherwise  go  to  (f). 

(1)  First  three  printed  lines  are  the  Job  Identification  cards. 

(2)  The  part  number,  type,  normal  pressure,  weight  density 
and  dead  loading  are  then  given. 

If  there  are  more  than  40  parts  in  the  composite  shell,  the 
numbers  over  40  are  listed  on  the  next  page. 

(f)  If  at  least  one  of  the  parts  has  variable  thickness,  then  the  following 
is  printed  out.  Otherwise  go  to  (g). 

(1)  First  three  printed  lines  are  the  Job  Identification  cards. 

(2)  The  part  number,  independent  coordinates  and  thickness  for 
each  part  which  has  variable  thickness  are  then  listed, 

(g)  The  next  portion  of  the  output  is  concerned  with  the  results  of  the 
computations.  The  results  are  divided  into  two  parts.  The  first 
part  gives  the  fundamental  variables,  w,  Q,  u^,  0^  and  M0  along 
with  the  auxiliary  variables,  N@  and  at  every  print  point.  The 
maximum  surface  strains  eg  and  e$  are  also  given  at  every  print 
point. 

The  second  portion  of  the  computed  results  is  concerned  with  the 
stresses.  The  meridional  and  circumferential  stresses  have  been 
calculated  for  the  following  conditions:  membrane,  bending,  and 
inner  and  outer  surface.  The  membrane  stress  is  the  membrane 
force,  N$  or  N^,  divided  by  the  thickness.  The  bending  stress  is 
(meridional)  and  6M@/h^  (circumferential).  The  inner  and 
outer  surface  depend  on  the  choice  of  the  direction  of  the  normal. 

See  Figure  B-28  to  determine  the  meaning  of  inner  and  outer  surface. 
The  maximum  shearing  stress  in  the  w  direction  is  also  given. 

This  is  determined  from  1,  5  Q/h, 


Note:  The  strains  eg  and  e<j,  do  not  necessarily  refer  to  the  same  surface.  The  strains 
e^  and  e^  are  internally  calculated  for  the  inner  and  outer  surface  at  every  print 
point.  Because  of  space  restrictions,  only  two  quantities  could  be  printed  out. 
Thus,  the  value  given  for  the  strains  e@  and  e^is  the  larger  of  the  strains  for  the 
inner  and  outer  surface. 


B-22 


TABLE  B-l.  SHELL  PARTS  IN  GOMTRY  SUBROUTINE 


Part 

Spelling  Used 
on  Input  Cards 

Cylindrical  constant  thickness 

Spheroidal 

Ellipsoidal 

Paraboloidal 

Conical 

Toroidal 

Cylindrical  variable  thickness 

CYLINDRICAL 

SPHER0IDAL 

ELLIPS0IDAL 

PARAB0L0IDAL 

C0NICAL 

T0R0IDAL 

VARCYLINDER 

TABLE  B-2.  BOUNDARY  VARIABLES  AND  NAMES  USED 

ON  INPUT  CARDS 

Boundary  Variable 

Name 

V  (Uj.) 

DISPLACEMENT 

Q  (Qx) 

F0RCE 

ucp 

DISPLACEMENT 

\  (q2) 

P0RCE 

SL0PE 

\ 

M0MENT 

ue 

DISPLACEMENT 

N 

F0RCE 

TABLE  B-3.  BOUNDARY  QUANTITIES  USED  IN  THE  SPECIFICATION 
OF  THE  BOUNDARY  CONDITIONS 


Row 

Displacements 

Forces 

1 

w  (u-^) 

Q  (Q]_) 

2 

ucp  <u2> 

n9  (Q2) 

3 

m9 

4 

u8 

■  ill  ii  i"*'  u  i  i  i  i  I  i  iii  aaa  ■>:■!  .  : 

N 
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TABLE  B-4.  INPUT  SHEET  FOR  DATA  SETS  1-7  FOR  PROGRAM  NONLIN 
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TABLE  B-5.  INPUT  SHEET  FOR  DATA  SET  8  FOR  PROGRAM  NON  LIN 
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in 


«.!■■■■■■■■■■■■■■■■■■■■■■«■■■■■■■ 
K3BBBBBBBBBBflBBBBBBBBBBBBBBBBBBB 
Liiiiiiiiiiiiiiiiiiiiiiiiiiiiii 
tj  ■■■■■■■■■■■■■■■■■■ ■■■■■■■■■■■■ 

FJEEEEEECEEEEBEEEEEEEECEEEEEECCQ 


lEBBBBBBBBBBBBflBBBflaBKBBBBBBBBBB 


it ■■■■■■■ BBB ■■■■■■■■■■■■■ 

If  '■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■ 
IrBBflBBBBBBBBBBBBBBBBBBBBBflBBBBlj 
■iBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBri 

■  CCCCCCEERrCCECCCECCCCCCCECBODDl 

ir«BBBBaBBSBaaaaflBBBBBBBBBBBflBBH 


■t  •:  i: 


!r ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■ 

.cccecceeccecececgebccccebeccced] 


■«:ccrr.acrL.!3Dc:acczci:cu)cu:Gr:Kecctai7.cjianMH| 

Icuuliacka-jliKCcctJSJtjitiCjr.Cl.'ij.ciGcscEaEan 


ii 


% 


%  # 


rCCCCCCCCCCCCDDCCCCCCCCCCCCCCDl 


::  %.y<  &  : 


■>y:-  '%•  •&>  >■%  £S  Sg  w  'i/.  yi  S? <;  iS '%?  &  Z:-  &  %  W.  m  S':  i#  v£  Si;  I 

IK.  ■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■! 


rCCCCCCCEEECECEEEEEEECEDEEEEEDCj 


Icbbbbbbbi 

Eiliff liliii  i  ii 

csscnaeaeEEBGSffiacsEgE^aBEanEECEEEj 

GBBaBBBBBBSSBBESSSSSSSCSSCZtZCIZEBBl 

sss  &  %  %  m  m  M  m  %  %  ®  s» s«  m  %  ii  %  % 


i  §§§1  lipids 

w  yS  :'<i  ££•  '•=£  *3 

|  $  i  M  v<  $§1 11 
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TABLE  B-7.  INPUT  SHEET  FOR  DATA  SET  12  FOR  PROGRAM  NONLIN 
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TABLE  B-8.  DIMENSIONS  OF  MATHEMATICAL  MODEL  OF  3-INCH  SINGLE- 
PLY  FORMED  BELLOWS  JD68 


Part 

No. 

Shell  Tyne 

Coordinates , 

degrees 

HBi£££ln 

Initial 

Final 

a 

b 

1 

Toroidal 

90.0 

2.0 

1.5295 

-0.0267 

2 

Conical 

2.0 

- 

1.5286 

0.0633 

3 

Toroidal 

2.0 

6.5 

1.5668 

0.7630 

4 

Conical 

6.5 

- 

1.6508 

0.0900 

5 

Toroidal 

6.5 

24.0 

1.7198 

0.1875 

6 

Toroidal 

24.0 

90.0 

1.7753 

0.0455 

TABLE  B-9.  THICKNESS  VARIATION  OF  3-INCH  SINGLE-PLY 

FORMED  BELLOWS  JD68 

Part 

0  or  « 

Thickness,  in. 

Part 

o  or  s 

Thickness,  in. 

1 

90.0 

0.00757 

4 

0.0 

0.00709 

2.0 

0.00745 

0.0900 

0.00690 

2 

0.0 

0.00745 

5 

6.5 

0.00690 

0.0345 

0.00728 

24.0 

0.00678 

0.0633 

0.00722 

6 

24.0 

0.00678 

3 

2.0 

0.00722 

34.0 

0.00676 

6.5 

0.00709 

90.0 

0.00661 

TABLE  B-10.  BOUNDARY  ROTATION  ANGLES  FOR  INITIAL 
AND  FINAL  EDGES 


Case 

Edge 

Boundary  Rotation  Angle 

1 

<  180 

0  (a) 
cp-  180 

2 

Initial 

=  180 

0 

3 

>180 

9-160  . 
cp(a) 

4 

<  0 

5 

Final 

=  0 

0 

6 

>0 

9 

(a) 

Note  that  for 

these  cases 

the  angles  will  be  negative. 
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TABLE  B- 11.  INPUT  FOR  3-INCH  STAINLESS  STEEL 
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i 


a 

i 

CQ 


a 


£B 


< 

H 


• 

t 

• 

i 

ELICEGLZ 

.ZB 

BB 

Bl 

IB 

■ 

Bl 

IBB 

BB 

B 

a 

B 

B 

Bl 

IB 

BBBB 

ii 

■ 

■■! 

ii; 

1 

■ 

1 

■1 

ii 

!■ 

■ 

i 

■1 

11 

III 

K  %  1 

■  I 

|||| 

1 

§§ 

■ 

m 

f 

m 

1 

1 

■ 

Wf. 

M 

i 

■  1 

f  g 

IB 

ii 
£  $•? 

■  Ml 

iii 

• 

I1 

mi 

iii 

iii 

■i 

II 

1 

ii 

iii 

ii 

■ 

■ 

■ 

■ 

Bl 

IB 

Bl 

IH| 

EM 

Ml 

in 

Bl 

II 

■ 

Bl 

IBB 

M 

■ 

B 

■ 

B 

IB 

Bl 

IB 

Bl 

II 

■ 

Bl 

IBB 

BB 

fl 

fl 

B 

B 

Bl 

IB 

Bl 

IB 

nu 

BBBI 

IM 

III 

Bl 

II 

B 

Bl 

IBB 

BB 

B 

fl 

B 

B 

Bl 

IB 

Bl 

IB 

E1BBBBI 

■1 

II 

B 

Bl 

IBB 

BB 

B 

B 

B 

B 

Bl 

IB 

Bl 

IB 

EEEEEEEE 

E 

B 

Bl 

3B 

E 

Bl 

BEE 

BB 

B 

a 

B 

E 

Bl 

BB 

B 

Bl 
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DETERMINANT  of  FLEXIBILITY  matrix  for  LINEAR  ANALYSIS  MAS  0.I371*226E*0 


FIGURE  B-l.  THREE-PART  COMPOSITE  SHELL  SHOWING  SEGMENTS 


edge 


a  =  radius  (inches)  of  cylinder  midsurface 
b  =  length  (inches)  of  cylinder 
c  -  not  used  for  this  type  part 

cp  =90.0,  -90.0,  or  270.0  degrees,  depending  on  direction  of  normal  and 

initial  position  of  cylindrical  part  in  a  composite  shell 
cpfinai  -  not  used  for  this  type  part. 

Special  requirements: 

(1)  Spelling  on  data  card  must  be  CYLINDRICAL 

(2)  'a'  and  ’b '  are  always  positive 

(3)  This  shell  type  can  only  be  used  if  it  has  constant  thickness,  constant 
meridional  properties,  and  is  subjected  to  constant  loadings.  If  any  of 
these  are  variable,  then  the  VARCYLINDER  part  must  be  used. 


FIGURE  B-2.  CYLINDRICAL  SHELL  PART 
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•  *  radius  (inches)  of  sphere  aidsurface 

b  -  not  used  for  this  type  part 

e  -  not  used  for  this  type  part 

^initial  "  *n*1*  f4**™*)  »t  initial  edge  of  part 

*final  "  *n*1*  8t  final  «<>««  of  part. 

Special  requirements : 

(1)  'a'  is  positive  when  normal  n  points  sway  from  the  centerline; 
'a'  is  negative  when  normal  n  points  toward  the  center line . 

(2)  The  angle  <p  must  not  he  0  or  l8o  degrees. 

(3)  Spelling  on  data  card  must  he  SPHZR0ICAL. 


FIGURE  B-3 SPHEROIDAL  SHELL  PART 


a  *  semi-axis  (inches)  of  ellipse  midsurface  parallel  to  centerline  of  part 
b  *  semi-axis  (inches)  of  ellipse  midsurface  perpendicular  to  centerline  cf  part 
c  -  distance  (inches  from  centerline  of  composite  shell  to  centerline  of  ellipse, 
^initial  =  811818  '4*8r9*8 )  *t  the  initial  edge  of  part 

^final  3  80819  ( )  at  the  final  edge  of  part. 

Special  requirements: 

(1)  When  c  *  0,  this  represents  an  ellipsoidal  shell  part.  The  angle  <p 
cannot  pass  through  0  or  180  degrees. 

(2)  'a1  and  'b'  are  both  positive  for  the  case  shown.  When  the  normal  points 
toward  ine  interior  of  the  shell  part  both  's'  and  *b'  are  negative. 

!.2)  "-or  c?0,  the  shell  part  is  a  toroidal  shell  of  elliptical  cross  section. 

If  o|b|,  then  <p  can  'nave  any  value.  If  c<|b|  ,  the  midsurface  of  the 
ellipse  cannot  intersect  the  centsrline  of  the  composite  shell. 

(*»),  Spelling  on  data  card  must  be  ELLIPS0IDAL. 


FRiURE  B-4,  ELI, iPSOIDAL  SHELL  PART 
B-4Z 


I  Find  tdgg 


'Initial  edge 


Symmotrical  about  oontortina 


•  *  vertical  distance  (inches)  from  initial  edge  of  part  to  center line  of  the 
cosmos  its  shell 

b  -  not  used  for  this  type  part 
o  -  not  used  for  this  type  part 

^initial  "  an*1®  (degrees) at  the  initial  edge  of  the  part 
**final  *  *n**e  (degrees)  at  the  final  edge  of  the  part 

See  B-I-e  for  instructions  vhen  normal  points  toward  center  of  part. 

Special  requirements: 

(1)  The  angle  ip  cannot  he  zero 

(2)  'a'  is  alvays  positive 

(3)  Spelling  on  data  card  must  be  PAHAB0L0IDAL 


FIGURE  B-5.  PARABOLOIDAL  SHELL  PART 


a  *  vertical  distance  (inches)  from  initial  edge  of  part  to  centerline  of  the 
composite  shell 

b  =  slant  length  (inches) of  shell  part 
c  -  not  used  for  this  type  part 

^initial  *  angle  (degrees)  vhtcb  the  normal  makes  with  the  centerline  of  the 
composite  shell 

*Pfinal  *  Dot  u*,<1  tor  this  P*1^- 
Special  requirements: 

(1)  'a'  and  'b'  are  alvays  positive  fur  a  conical  shell. 

(2)  Shell  part  cannot  begin  or  end  on  axis  of  composite  shell,  that  is,  in 
(l),  'a'  cannot  be  zero  and  in  (ii)  the  final  edge  of  the  shell  cannot 
touch  the  centerline  of  the  composite  shell. 

(3)  The  angle  can  have  any  value.  When  it  is  0.0,  I80.O.  -180,0, 

the  shape  part  beccsMS  a  flat  plate,  'a'  and  'b'  are  still  positive, 

The  angle  can  also  be  90.0,  270.0,  or  -90.00  deg.  In  thle  case  the  shell 
part  would  be  cylindrical..  However,  it  is  not  recommended  that  the 
COMICAL  part  be  used  to  describe  a  cylindrical  shell  since  additional 
calculations  would  have  to  be  perfonned  in  the  GOMTRY  subroutine,  thus 
making  the  calculation  time  somewhat  longer. 

( t )  Spelling  on  data  card  must  be  C0NICAL. 


FIGURE  B-6.  CONICAL  SHELL  PART 


B-43 


a  =  distance  (inches)  from  centerline  of  composite  shell  to  center  of  tube 

b  =  radius  (inches)  of  tube  midsurfaee 

c  -  not  used  for  this  type  part 

‘•’initial  =  an8le  (degrees)  at  initial  edge  of  part 

''final  a  an*le  (degrees)  at  final  edge  of  part 

See  B-I-e  for  instructions  for  determining  tPinltial  and  ‘Pfinal  when  normal  points 
toward  center  of  tube.  ‘  ^  '"“i 

Special  requirements: 

(l)  'a'  is  always  positive 

(b)  'b'  is  positive  when  normal  n  points  away  from  x  (shown  above);  'V 

is  negative  when  normal  n  points  toward  x 
(3)  The  angle  cp  can  have  any  value  provided  a  >|b|  . 

(**)  Spelling  on  data  card  must  be  T0R0IBAL. 


FIGURE  B-7.  TOROIDAL  SHELL  PART 


a  =  radius  (inches)  of  cylinder  midsurface 
b  =  length  (inches)  of  cylinder 
c  -  not  used  for  this  part 

‘(’initial  =  90.0,  -90.0,  270.0  deg.,  depending  on  direction  of  normal  and  position 
of  cylindrical  part  in  composite  shell 
‘•’final  ”  not  1156(1  for  tllls  pant- 

Special  requirements; 

(1)  'a'  and  'b ’  are  always  positive 

(2)  Spelling  on  data  card  must  be  VARCYLINDER. 


FIGURE  B-8.  VARCYLINDER  SHELL  PART 
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Section  BB 


FIGURE  B-  10.  POSITIVE  VALUES  OF  FUNDAMENTAL  VARIABLES  FOR  A  NORMAL 
POINTING  TOWARD  THE  CENTER  OF  CURVATURE 


FIGURE  B-ll.  EXAMPLES  OF  COMMON  TYPES  BOUNDARY  CONDITIONS 
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integration 


B  t. 
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- 1 -  - t - 
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FIGURE  B-12.  SKETCHES  SHOWING  MANNER  IN  WHICH  BOUNDARY  ROTATION 
ANGLE  IS  OBTAINED  AT  INITIAL  EDGE  OF  SHELL 
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FIGURE  B-13,  SKETCHES  SHOWING  MANNER  IN  WHICH  BOUNDARY  ROTATION 
ANGLE  IS  DETERMINED  AT  FINAL  EDGE  OF  SHELL 
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6 


H 
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Part  Type 


Coordinates,  Decrees  Radii,  lnehea 
Initial  Final  a  f 


Reference 

Figures 


1  VARCYLIHDER  90.0  -  OA  AB  B-S 

2  CONICAL  50.0  -  HB  BC  B-6 

3  SPHEROIDAL  50.0  75.0  JC  -  B-3 

U  T0ROIDAL  75-0  20.0  ML  -KD  B-7 

5  CONICAL  130.0  -  OH  IT  B-6 


For  the  VARCYLIHDER,  CONICAL  and  CYLINDRICAL  ehell  parte,  the 
la  the  length  of  the  part. 


distance 


FIGURE  B- 14.  FIVE-PART  COMPOSITE  SHELL  SHOWING  INITIAL  AND  FINAL 
COORDINATES  AND  RADH  a  AND  b  WHEN  INITIAL  EDGE  IS  ON 
LEFT  OF  SHELL 


1  CUBICAL  50.0  -  JL  AB  B-6 

2  T0R0IDAL  160.0  105.0  OP  -BK  B-7 

3  SPHEROIDAL  105.0  130.0  HC  -  B-3 

It  CONICAL  130.0  -  MN  DE  B-6 

5  VABCYLINDER  90.0  -  FG  EF  B-8 

*  For  the  VARCYLINDER,  CONICAL  and  CYLINDRICAL  shell  parts,  the  V  distance  is 
the  length  of  the  part. 

FIGURE  B- 15.  FIVE-PART  COMPOSITE  SHELL  SHOWING  INITIAL  AND  FINAL 
COORDINATES  AND  RADII  a  AND  b  WHEN  INITIAL  EDGE  IS  ON 
RIGHT  OF  SHELL 
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90 


2d a 

cwical 

TOROIDAL 

C0KCAL 

cwrcAL 

TOROIDAL 


Coordinates. 

Initial 

100.0 

220.0 

150.0 

20.0 

-30.0 

0.0 


lUill.  Inches 
a  9*"* 


Reference 

JEUaea. 

9-6 

B-T 

9-6 

9-6 

9-T 

9« 


•  For  tha  C0HCAL  •hall  part*,  tha  '9'  ilataaca  ia  tha  length  of  tha  part. 


FIGURE  B-16.  SIX-PART  COMPOSITE  SHELL  SHOWING  INITIAL  AND  FINAL 
COORDINATES  AND  RADII  a  AND  b  WHEN  INITIAL  EDGE  IS 
ON  LEFT  OF  SHELL 


1 

CUBICAL 

100.0 

JX 

A9 

2 

TOROIDAL 
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210.0 

IM 

HC 
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C09ICAL 

160.0 
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CD 
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COIICAL 

30.0 
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TOROIDAL 
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-El 
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ST 

TO 
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*  For  tha  COIICAL  shall  parts,  tha  'V  distance  is  the  length  of  tha  part.- 


FIGURE  B-17.  SIX-PART  COMPOSITE  SHELL  SHOWING  INITIAL  AND  FINAL 
COORDINATES  AND  RADII  a  AND  b  WHEN  INITIAL  EDGE  IS 
ON  RIGHT  OF  SHELL 
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00062, 


00  0.1  0.2  03  0.4  0.5  0.6 

Distance  along  cylindrical  or  conical  midsurface  ,  inch 


s  t  inches 
0.0 
0.03 
0.15 
0.2k 

0.30 

0.1)2 

0.52 

0.60 


Thickness ,  inches 
0.0050*1 
0.005k) 
0.00580 
0.00580 
0.0056U 
0.00568 
0.00576 
0.00600 


FIGURE  B-18.  TYPICAL  REPRESENTATION  OF  THICKNESS  DISTRIBUTION  FOR 
VARCYLINDER  OF  CONICAL  PARTS 


Angle,  Degrees 
-30.0 
-21.0 
15.0 
1)2.0 
60.0 
96.0 
120.0 


Thickness ,  inches 
0.0050** 
0.005**0 
0.00580 
0.00580 
0.0056*) 
0.00568 
0.00576 


FIGURE  B-19.  THICKNESS  DISTRIBUTION  FOR  TOROIDAL  PART  5  SHOWN 
IN  FIGURE  B- 16 
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FIGURE  B-20.  CONVOLUTIONS  OF  CROSS-SECTIONED  3-INCH  ONE-PLY  INCONEL  718  BELLOWS 
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Part  2:  r|  =*  a,,;  "c  *  a2  +  b2  cos{Pi 

For  Part  3:  r|  ~  a^  +  sin  cp^ 

FIGURE  B-22,  RELATIONSHIP  BETWEEN  THE  POINTS  B  AND  C  ON  THE 
CONVOLUTION  OF  A  FORMED  BELLOWS 


B-55 


|  aaataanorric  m 


YES  .3  E+08  .3 


I  mil uunc  rrm  m  mx ax&aoBESianc  xix  jxx  xh:  ikee  air  nx 


lucri::  *iY  i:  aiT  J  iuuii  jaxxtt  ixcaxi^aixj  ijlixuxil: 

U  .  . 


WIflL  CO'ITRESSION  *  0.060  INCH  ON  10  CONVOLUTION  BELLOUS 


[‘n'j'uu’inin*,  xiSrixixnYi:  xilllx;  xixj'ixxii:  .n  ix; m;  uxr. lxxju xix  xia| 


MAY  31 i  1967 


[iiun uuuu nuim.  alii  ci n;  i:u  xae  u  i  jil  xix  .xix.  xix;  hxxxxj:xo:..ijx..aix;-| 


6  t . 7753  0.0455 


5  1.7198  0.1875 


ryy^rTTTiriTrT^-rrr  TTT~a^rrnriT~.3XC!TTTT^[XIX:nrTTTr.aDDr:xiX-31.ri.r;S[Xi:ri7Ix:'TT^:.3Jiii;| 


1.6508  0.09 


rwr«rrmriTTiTTT3l3XCate:iJLIiL’iajaDfTre^[iax:™TTTTTi,rc3Ic;7XIT1TH^,^^ 


.5668 


r»y«innraririYi';  rii  ~rTr-n,t  r-i:i:i'  Ti~r~rrT  -rrT~-rrirxili:n~TT-3Xi;:uxr:iXlJL  ;iXL::iJiE| 


1  1.5895  -0.0867 


ii»»'wniw«iniVri,Trrrif;rTTraijriiiEi:'3XP-3iiiCGEix:xo]:iriiii3:i:!,;i!i‘TniT^MX3ciJii:jJiii;aialJi 


6  TOROIDAL 


3  5  MO 


naripnaB 

iiw»«ir»M»i^^!>iiTrrriii»Tinra^aiia:iii33a^aixiiai3ai3ag33aaii3iairiTTrnrxri?r:riac::njij| 


4  COMICAL 


1  10  NO 


nrnitnanrtiaaxiJiiixcaYiEiiiEcmroaaiCiamairaiiaiira 


TOROIDAL 


1  10  MO 


Bmcmni^axciaioanteagBEGEpaaraiaraancreai^ 


COMICAL 


1  5  MO 


inmnywi^  ^yiii!iTririox:a^ii^GE033iixia^ai3iEixiiica^^JxiaTOJi:oi::.iiii:  jjausl 


1  TOROIDAL 


5  MO 


|iwwirww^^^^ffiirTitBTiriTia^Tr.TTTT;ciTiT¥Tia*rrnrT^3ICIi;^»:tTriXElIi'3IIX!aoXLITi!i:ii:iTir:;'i,,iir; 


n|,  1 1  ill  i  HIM  H|i  h  iLT^IIM  l  t|h  Ulh 

i  <  i  i  i  i  titnuiiMiiaiiaMaiittni<ai»«tatt»tttttt»i 

r,  in  1 1 1 1  p  i  in  1 1 1 1  n  m  1 1 1 1 1 1  ii  1 1 


n  n  2 1  m  n  2  m  2 : m 

)  4 1  a  ?  a  a  m  mu  i)  t4  ia  N  i! «  rna a  tt is h 

j  j ;  nnnCnnnn  iL‘n 

4444444^44444444444144 

Mil  tllallttJWIililtttatltlttllN 

5555555555555555555555 

t  i  it  4  L  i  4  1 1 1  (  I  I  (  I  1 1  i  I  1 1 

i  i  i  •  i  i  i  a  n  it  ii  a  n  a  ii  a  n  n  ti  it  u  ii 

imimnminmm 

1 1 1 1 1 1 ii i ii 1 1 1 1 1 1 1 1[  1 1 

)  4  St  I  t  a  N  ii  «  D  14  IS  14  IT  tl  H  24  tl  tt  I)  H 

mil  i  mmiinr im 


ilaaiiafaMH  a  UHanhiaaMiiuaH 

JIJ  I  111  II  II  II  III  II  111 


1 1  m  i A 

a  tt  it  a  a  a  ttl 

nn  mj  : 


1 1 1 1  ly 

I  tt  It  tt  II  \ 

mm: 


ait  ii  Mila  a  ui 


Im  *i 


1 1  iii  1 1 1  r.<r 

Hit ala a  tit  min 


mm 

tt  il  Ii  MttM  «|«MI  Ml 


III  1 1 I  I I 


I  a  it  iiltt  a  a  kIh  m  it  Hln  u  m  w«  it  •  Ml 


niiiiiiiiiitiiiiiiiiiimii 


Miiiimntmti 

Rail  *  M  h  luma  itimttattttii 

r^LM  itiiiminii 

NftWU  4  4  1  4  4  4  4  4  4  4  4  4 

MjUU  MMttttltllllttMttllll 

iKfpJ  m  m  m  m 
ii  illinium 

UltHHHMIlNttNaitHH 
11111111111111 


I  I  III  I  I  II 


ii  mini 


Mil 

aa  aaai  aa 

llll 

aa»n  ?i 

Mil 

III! 

2111 

lint 

naaaiaa 

nn  n  n 

nn 

nn 

4  4  4  4 

4  4  4  4 

aiaaaraa 

tt »  n  w 

nn 

nn 

nil 

nn 

ftaairta 

N  II  n  T? 

mi 

mi 

nil 

nn 

tiaatiaa 

maun 

nn 

nn 

aaaiaiaa 

mnn 

FIGURE  B-25.  PUNCHED  INPUT  CARDS  FOR  DATA  SETS  8  AND  9  FOR  3 -INCH 
SINGLE  PLY  FORMED  BELLOWS  JD  68  (READ  FROM  BOTTOM 
OF  PAGE  TO  TOP) 
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FIGURE  B-26.  PUNCHED  INPUT  CARDS  FOR  DATA  SET  12  FOR  3 -INCH  SINGLE 
PLY  FORMED  BELLOWS  JD68  (READ  FROM  BOTTOM  OF  PAGE 
TO  TOP) 
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(i)  Initial  Edge  of  Shell 
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(ii)  Final  Edge  of  Shell 

FIGURE  B-27,  VARIOUS  POSSIBILITIES  FOR  BOUNDARY  CONDITIONS  ON 
WELDED  BELLOWS  AT  INITIAL  AND  FINAL  EDGES 
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FIGURE  B-28.  DEFINITION  OF  INNER  AND  OUTER  SURFACE  FOR  STRESSES 
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APPENDIX  C 

THEORETICAL  DEVELOPMENT  AND  LISTING 
OF  COMPUTER  PROGRAM 


C 


ABBREVIATIONS  AND  SYMBOLS 


y(*) 

Y(x) 

tY(x)]i 

T 

u(a),  u(b) 
Si 

6[yJ(x)] 

I 

r 

R0 

0 

e 

N0)  Ng 
M0>  M0 
e0»  ee 
00 

P0,  P 

,J0> 

K 

E 

h 

D 

K 

w 

u0 


Independent  variable,  in. 

n-fold  vector  with  elements  y)(x),  J  =  1,  2,  . . .  n 

n  by  n  matrix 

j-th  column  of  Y(x) 

Transformation  vector 

Boundary  condition  vectors  at  x  =  a  and  x  =  b 
i-th  subinterval  in  the  interval  a£x£b,  in. 

A  small  change  in  the  vector  y 
n  by  n  unit  matrix 

Radial  distance  from  bellows  ajjis  to  a  point  on  the  bellows,  in. 

Meridional  radius  of  curvature,  in. 

Angle  between  normal  to  the  bellows  surface  and  its  axis  of  revolution,  deg 

Angle  measured  in  circumferential  direction,  deg 

Effective  shear  resultant  force  in  direction  normal  to  shell,  lb/in. 

Membrane  resultant  forces  in  the  meridional  and  circumferential  directions, 
respectively,  lb/in. 

Bending  moment  resultants  in  the  meridional  and  circumferential  directions, 
respectively,  in-lb/in. 

Midsurface  membrane  strains  in  the  meridional  and  circumferential 
directions,  respectively,  in.  / in. 

Angle  of  rotation  of  the  normal  in  the  meridional  direction,  deg 

Components  of  the  pressure  or  body  torce  loading  in  the  meridional  or 
normal  directions,  respectively,  psi 

Bending  strains  in  the  meridional  and  circumferential  directions,  respectively 

Poisson’s  ratio 

Modulus  of  elasticity,  psi 

Bellows  thickness,  in. 

Eh3/ 12(1  -  v2),  bending  rigidity,  in-lb 
Eh/(1  -  v2);  membrane  stiffness,  lb/in. 

Displacement  in  direction  of  normal  to  the  shell  midsurface,  in. 

Displacement  in  meridional  direction,  in. 
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THEORETICAL  DEVELOPMENT  AND  LISTING 
OF  COMPUTER  PROGRAM 


This  appendix  is  intended  for  those  who  desire  a  thorough  understanding  of  the 
mathematical  techniques  and  equations  used  in  the  theoretical  portion  of  the  research 
program,  as  well  as  a  detailed  account  of  the  computation  program. 

The  first  portion  of  this  appendix  gives  a  description  of  the  method  of  solution  and 
a  derivation  of  the  governing  fundamental  set  of  differential  equations. 

The  second  portion  consists  of  a  listing  of  the  computer  program. 


Preliminaries 


Since  some  items  involving  matrix  algebra,  and  initial- value  and  boundary- value 
problems  are  used  in  the  following,  a  brief  description  of  points  pertinent  to  the  theo¬ 
retical  development  will  be  given  here. 


Initial -Value  Problem.  The  two  distinguishing  characteristics  of  an  initial-value 
problem  are  (1)  the  problem  can  be  formulated  in  terms  of  n  simultaneous  first-order 
differential  equations  relating  the  n  independent  variables  to  a  single  independent  variable 
on  the  open  interval  a  <  x.  The  equations  may  be  linear  or  nonlinear.  (2)  A  specific  solu¬ 
tion  is  determined  when  n  independent  relations  between  the  dependent  variables  are 
given  at  x  =  a. 

One -Dimensional  Boundary -Value  Problem  (Single  Independent  Variable).  The  two 
distinguishing  characteristics  of  a  one-dimensional  boundary-value  problem  are:,  (1)  The 
problem  can  be  formulated  in  terms  of  n  simultaneous  first-order  differential  equations 
relating  the  n  independent  variables  to  a  single  independent  variable  on  the  closed  interval 
a  <  x  <  b.  (2)  A  specific  solution  is  determined  when  n/2  independent  relations  between 
the  dependent  variables  are  given  at  x  =  a  and  n/2  independent  relations  are  given  at  x  =  b.; 


From  the  above  descriptions  it  is  noted  that  the  only  difference  between  the  initial- 
value  problem  and  the  boundary- value  problem  is  the  manner  in  which  the  fundamental 
variables  are  prescribed  at  the  boundaries.  In  the  initial- value  problem,  all  the  funda¬ 
mental  variables  are  prescribed  at  one  point,  x  =  a.  In  the  boundary- value  problem, 
half  the  fundamental  variables  are  specified  at  a  and  half  at  b. 


Matrix  Notation.  In  the  development  of  the  basic  equations,  standard  matrix  nota¬ 
tion  will  be  used.  A  vector  will  be  referred  to  by  the  small  letter,  y(x).  This  vector 
will  have  n  elements  denoted  by  yJ(x),  j  =  1,  2,  .  .  .  ,  n.  A  square  matrix  will  be  denoted 
by  a  capital  letter,  Y(x),  which  will  have  n  x  n  elements.  The  jth  column  of  Y(x)  will  be 
denoted  by  [  Y(x)]j .  When  the  vector  y(x)  is  partitioned  into  two  subvectors  yj(x)  and 
y 2<x),  it  means  that  the  upper  n/2  elements  of  y(x)  are  contained  in  yj(x)  and  the  lower 
n/2  elements  of  y(x)  are  contained  in  ygfx),  When  Y(x)  is  partitioned  into  four 


C-l 


submatrices  Y*(x),  Y^(x),  Y 3(x),  and  Y4{x),  this  amounts  to  placing  the  upper  left-hand 
quadrant  of  Y(x)  in  Y*(x),  the  upper  right-hand  quadrant  of  Y(x)  in  Y^(x),  the  lower 
left-hand  quadrant  of  Y{x)  in  Y^(x)  and  the  lower  right-hand  quadrant  of  Y(x)  into  Y4(x). 
Thus,  each  submatrix  Y^x),  m  =  1,  2,  . .  . ,  4  contains  (n/2)  x  (n/2)  elements. 


Elementary  Transformation  Matrices.  An  elementary  transformation  matrix  T  is 
defined  as  one  which  operates  on  a  vector  y(x)  such  that  the  elements  of  y(x)  are  rear¬ 
ranged.  An  elementary  transformation  matrix  is  obtained  from  the  unit  matrix  by  ele¬ 
mentary  transformation^- 1)*.  In  the  present  application,  the  elementary  transforma¬ 
tions  used  are  those  associated  with  the  interchange  of  two  or  more  rows  or  two  or  more 
columns. 


Segmentation  of  Interval.  The  multisegment  numerical  integration  technique  re¬ 
quire  sthaTtheintervaTT{aTx  =»  b)  be  divided  into  M  segments,  as  shown  in  Figure  C-l. 
The  initial  point  of  the  interval  is  defined  as  x  =  xj  =  a,  and  the  final  point  of  the  interval 
is  defined  as  x  =  Xf^+1  =  b.  The  M  segments  need  not  be  of  the  same  length.  The  ith 
segment  is  denoted  by  and  is  bounded  by  x>  <  x  <  xi+l- 


Method  of  Solution 


The  method  of  solution  developed  here  is  applicable  to  any  boundary- value  problem 
governea  in  the  intervall(a  <  x  <  b)  by  a  system  of  n  first-order  ordinary  differential 
equations 


^p=f[x,  y^x),  y2(x),  yn(x),  h(x)]  ,  (C-la) 

where  h(x)  denotes  the  nonhomogeneous  terms. 

It  is  assumed  that  values  of  n/2  elements  of  each  vector  y(a)  and  y(b)  are  known. 
Then  the  boundary  conditions  are  written  in  the  form 

TjY{a)  =  u(a)  (C-  lb) 

TM+ly(b)  =  U(b)  ’ 

where  Tj  and  Tj^+j  are  elementary  boundary- transformation  matrices  which  are  chosen 
so  that  the  first  n/2  elements  of  Tjy(a)  and  the  last  n/2  elements  of  TjV£+jy(b)  contain  the 
specified  boundary  values  of  the  variables.  Thus,  the  first  n/2  elements  of  u(a)  and  the 
last  n/2  elements  of  u(b)  contain  the  known  boundary  values. 

The  application  oi  numerical  integration  techniques  to  boundary- value  problems  is 
not  quite  as  straightforward  as  their  application  to  initial- value  problems.:  In  initial- 
value  problems,  as  noted  earlier,  values  of  all  of  the  variables  are  known  at  the  initial 
point.  Beginning  with  these  values  the  differential  equations  are  integrated  numerically 
to  find  the  variables  at  any  other  value  of  x.  However,  for  a  boundary- value  problem 
only  n/2  values  are  known  atx  =  a.  One  possible  way  of  solving  this  problem  would  be  to 


•References  for  Appendix  C  are  listed  on  p  C -11, 
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guess  the  remaining  n/2  values  at  x  =  a,  integrate  from  x  =  a  to  x  =  b,  and  compare  the 
values  obtained  at  x  =  b  with  the  prescribed  values.  If  the  values  at  x  =  b  obtained 
through  integration  agree  with  the  prescribed  values,  then  the  problem  is  solved.  If  not, 
a  new  estimate  can  be  made  of  the  trial  values  of  x  =  a  and  another  integration  of  the 
equations  can  be  carried  out.  By  observing  the  variation  of  the  solution  at  x  =  b  as  the 
initial  values  of  x  =  a  are  changed,  it  would  be  possible  to  eventually  choose  the  correct 
initial  values  for  the  solution.  This  procedure,  although  feasible,  is  not  efficient,  and 
a  more  direct  approach  to  the  solution  of  a  boundary- value  problem  governed  by  a  sys¬ 
tem  of  n  first-order  ordinary  differential  equations  will  now  be  described. 


Derivation  of  Basic  Relationships  Used  in  the  Linear  and 
Nonlinear  Multisegment  Numerical  Integration  Analysis 

Assuming  that  an  initial- value  solution  of  (C-la)  exists  and  is  unique  everywhere  in 
Sj  (Figure  C-l),  it  is  concluded  that  a  given  set  of  initial  values  at  xj  uniquely  deter¬ 
mines,  through  (C-la),  a  corresponding  set  y(x)  at  any  x  in  S^.  This  can  be  expressed 
as 


y(x)  =  g  [  y^xi),  y2(xi),  ...,  yn(x.)]  ,  (C-2) 

where  the  function  g  is  uniquely  dependent  on  x  and  the  System  of  Equations  (C-  la). 
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FIGURE  C-l.  NOTATION  FOR  SEGMENTS  OF  SHELL 

Small  changes  in  y^(x^),  denoted  by  6y^(x^),  j  *  1,  2,  .  .  .  ,  n,  produce  changes  in 
the  variables  yJ(x),  denoted  by  6yj(x),  j  =  1,  2,  ,  ,  .  ,  n.  The  relationship  between  these 
changes  can  be  obtained  by  using  Taylor's  series  and  the  chain  rule  of  differentiation. 
This  results  in 


6y^(x)  =  Y  6y8(xi)  j  ■  1,  2,  .  .  .  ,  n  .  (C-3) 

s=i  dy  (xt) 


<5yJ(xi)  can  be  regarded  as  the  difference  between  two  different  sets  of  variables  at 
Xp  namely,  y(x^)*  and  y(x^),  while  <5yJ(x)  can  be  regarded  as  the  difference  between  the 
two  sets  of  variables,  y(x)*  and  y(x),  obtained  at  x  by  integrating  (C-la)  from  x^  to  x 
with  y(x^)*  and  y(x^)  as  the  initial  values.  With  these  definitions,  (C-3)  can  be  rewritten 
as 


y(x)*  -  y(x)  -  Yt(x)  (y^)*  -  y(xi)] 
where  the  (n,  n)  matrix  Y^(x)  is  defined  b’- 


(C-4) 
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dyV) 

dyX(x) 

dy^x)  dy^x) 

dyX(xi) 

dy2^) 

V(*j)  dy1^) 

dy2(x) 

dy2(x)  dy2(x) 

dyX(xi) 

• 

• 

dy2(xi) 

• 

• 

V(*i)  ^yn(*i) 

•  • 

•  • 

• 

dyn(x) 

• 

dyn(x) 

•  • 

dyn(x)  dyn(x) 

5y1(xi) 

dy2^) 

’  V(x.)  ’ ' '  dyn(Xi) 

(C-5) 


The  j4*1  column  of  Y^(x)  can  be  regarded  as  a  set  of  new  variable 3.  In  order  to  ob¬ 
tain  numerical  values  of  these  variables  at  particular  values  of  x,  say  x^j,  it  is  only 
necessary  to  have  a  set  of  n  simultaneous  first-order  differential  equations  relating 
these  new  variables.  This  set  of  equations  can  then  be  integrated  from  x^  to  xj+i  n 
times,  thus  forming  the  matrix  Y^x^). 


The  set  of  equations  needed  to  form  the  matrix  Y^(x)  can  be  easily  obtained  by  dif 
ferentiating  (C-la)  with  respect  to  yj(xj);  thus, 


d_ 

dx 


dy(x) 

dyJ(Xi) 


=  — 5 — f  [  x,  y*(x),  y2(x),  yn(x),  h(x)]. 

dyJ(Xi) 


(C-6) 


The  initial  values  of  the  columns  of  Y^(x)  can  be  easily  determined  from  the 
inspection  of  (C-5).  At  x  *  Xj,  the  j4*1  column  of  Y^(x)  contains  all  zeros  except  for  the 
jth  row>  ancj  eiement  is  one.  Thus,  the  columns  of  the  matrix  Yi(x)  are  obtained  as 
the  solutions  of  the  n  initial- value  problems  governed  in  by  (C-6)  (with  j  *  1, 

2,  .  .  n),  with  the  initial  values  specified  by 


Yi(Xi)  =  l  ,  (C-7) 

where  I  denotes  the  (n,  n)  unit  matrix. 

If  the  Equations  (C-la)  are  linear,  then  Equations  (C-6)  simply  reduce  to  (C-la), 
with  the  nonhomogeneous  terms  h(x)  deleted.  In  the  event  that  (C-la)  are  nonlinear, 
then  the  right-hand  side  of  (C-6)  contains  not  only  the  elements  of  Y^(x),  but  also  some 
of  the  variables  of  the  y(x)  solution  state.  Suitable  values  of  these  variables  can  be  ob¬ 
tained  as  part  of  the  procedure  for  solving  the  nonlinear  problem  which  is  discussed 
next. 


The  solution  to  the  nonlinear  problem  is  obtained  as  the  limit  oi  a  sequence  of 
solution  states  which  are  obtained  by  an  iteration  procedure.  The  initial  trial- solution 
state  can  be  chosen  in  some  arbitrary  manner,  although  it  has  been  found  that  using  the 
solution  of  the  linearized  problem  as  the  initial  trial- solution  state  enhances  the  con¬ 
vergence  of  the  iteration  procedure.  The  application  of  Newton’s  rule  as  given  by 
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Fox(C-2)  to  find  the  iterated  solution  state  from  the  trial  solution  state  can  be  accom¬ 
plished  using  Equations  (C-4),  in  which  x  is  set  equal  to  xj+i.  In  Equations  (C-4),  the 
variables  yfxj)  will  be  identified  with  the  trial- solution  state  yt(x)  evaluated  at  x^.  The 
variables  obtained  by  integrating  (C-la)  from  x^  to  Xj,+i  with  the  initial  values  yt(xi)  will 
be  denoted  as  yc(xi+i).  These  values  replace  y(xi+i)  in  (C-4).  The  values  of  the  iter¬ 
ated  solution  state  ya(x),  evaluated  at  x^  and  xj+j  are  substituted  for  the  corresponding 
starred  variables.  With  these  substitutions,  Equations  (C-4)  become,  after 
rearranging: 


Yi(xi+1)  y3(xi)  “  ya(xi+i>  =  " zi<xi+l)  »  (C-8a) 

where 

zi(xi+i)  =  yc(xi+1>  -  Yi^xi+i>  yVi)  •  (c-8b) 

When  evaluated  at  the  end  of  every  segment  S^,  i  =  1,  2,  .  ,  ,  ,  M,  (C-8)  represent 
a  system  of  M  matrix  equations  which  contain  M  +  1  unknown  vectors:.  ya(x^),  (i  =  1, 

2,  ,  .  ,  ,  M  +  1).  However,  recalling  that  exactly  n  boundary  conditions  are  specified  by 
(C-lb),  the  number  of  unknowns  becomes  the  same  as  the  number  of  equations  and,  con¬ 
sequently,  the  combined  system  of  Equations  (C-8a)  for  all  i  can  be  solved  uniquely  for 
ya(xj),  using  the  Gaussian  elimination  technique. 

The  iterated  sohr.Ton  state  ya(xj),  when  integrated  by  means  of  (C-la)  from  xj  to 
xi+l  *n  every  segment,  may  not  necessarily  satisfy  the  required  continuity  and  boundary 
conditions  because  Equations  C-4  are  approximate.  By  repeating  the  iteration  with 
ya(x^)  as  the  new  trial  solution  yt(xi),  the  iterated  sequence  of  ya(xj)  will  converge  to  the 
solution  of  the  nonlinear  boundary  value  problem  as  rapidly  as  in  any  Newton- type 
method. 

By  way  of  recapitulation,  the  solution  of  the  boundary- value  problem  defined  by 
(C-l)  is  obtained  by  means  of  the  multisegment  method  given  in  this  section  in  the  fol¬ 
lowing  way:  (1)  an  assumed  trial  solution  y^xj)  is  integrated  by  means  of  (C-la)  from 
xi  to  xi+l  *n  every  segment  to  obtain  all  of  the  values  of  yc(xi+i)  i  =  1,  2,  .  .  .  ,  M,  as 
well  as  all  of  the  values  of  those  variables  which  appear  in  the  nonlinear  terms  of  f; 

(2)  initial- value  integrations  of  (C-6),  starting  with  (C-7),  are  performed  from  x^  to 
x^+i  in  every  segment  to  obtain  the  elements  of  Y^x^),  i  =  1 ,  2,  .  .  .  ,  M;  (3)  the  data 
obtained  in  Steps  (1)  and  (2)  are  substituted  in  Equations  (C-8).  The  system  of  Equa¬ 
tions  (C-8)  for  all  different  i  are  then  solved  by  means  of  the  standard  Gaussian  elimi¬ 
nation  technique  for  ya(x^);  (4)  using  ya(x^)  as  the  initial  value,  (C-la)  is  integrated  from 
to  xj+j  in  every  segment  and  the  integration  results  at  x^+j  are  compared  to  the  ele¬ 
ments  of  ya(xi+i)  as  obtained  from  (C-8),  This  comparison  serves  as  a  convenient  check 
on  the  degree  of  accuracy  of  every  trial  solution  state.  If  the  corresponding  variables  at 
the  ends  of  consecutive  segments  agree  (including  the  M*h  segment,  where  the  solution 
must  agree  with  the  specified  boundary  conditions)  within  a  desired  number  of  significant 
figures,  then  the  solution  state  is  accepted  as  the  solution  of  the  boundary- value  problem 
as  defined  by  (C-x)  If  not,  then  ya(x^)  is  taken  as  the  next  trial  solution  y^xj),  and  the 
process  is  repeated  by  returning  to  (1), 

When  the  functions  f  in  (C-la)  are  linear,  the  multisegment  method  developed  in 
this  section  is  identical  to  the  one  given  in  Reference  ( C -3 )  for  the  solution  of  linear 
boundary- value  problems.  For  the  linear  case,  the  trial  solution  can  be  conveniently 
assumed  as  y^x^)  =  0  [this  choice  simplifies  (C-8b)]  ,  and  the  iterated  solution  state, 
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obtained  from  (C-8)  after  one  "iteration  cycle",  represents  the  solution  of  the  linear 
problem. 


Gaussian  Elimination  Procedure.  Since  the  nonlinearities  in  (C-la)  make  some 
changes  necessary  in  the  solution  of  (C-8),  a  brief  outline  of  the  required  Gaussian 
elimination  procedure  is  given  in  the  following  section.  [More  details  can  be  found  in 
References  (C-3)  and  (C-4)]  . 

Because  the  variables  at  the  end  points  of  the  interval  x  are  connected  by  the 
boundary  condition  relations  (C-lb),  (C-8)  must  be  investigated  for  i  =  1  and  i  =  M  sepa 
rately.  From  (C-8)  there  results* 


Yx(x2)  ytXj)  -  y(x2)  =  -  z^x^ 

(C-9a) 

YM(xM+1)  Y<XM)  •  y(xM+l)  ’  -  • 

(C-9b) 

It  is  convenient  to  use  the  transformed  variables  u(xj)  and  u(xj^-+j)  in  (C- 
y(xj)  and  y(*M+1).  Using  (C-lb)  in  (C-9)  yields 

8)  instead  of 

Y1<x2)  t/  u(Xj)  -  y(x2)  =  -  Zj(x2) 

(C-lOa) 

TM+1  YM  (sW  ’  U(XM+1)  =  "  XM+1  ZM(XM+1>  ’ 

(C-lOb) 

By  defining 

Ul<*2>  =  Yl(x2)  T'j1 

(C-  11a) 

UM(XM+1J  =  TM+1  YM(XM+1) 

(C-llb) 

dM^XM+l^  =  TM+1  ZM(XM+1)  ’ 

(C-  11c) 

the  form  of  (C-8)  can  be  retained  if  the  coefficient  matrices  Y,(x_),  Yw(x_  .), 

1  c  M  M+1 

zM(xM+i),  occurring  in  (C-8)  for  i  =  1  and  i  =  M  are  replaced  before  Gaussian  elimina¬ 
tion  by  their  transformed  expressions  as  given  by  (C-ll),  remembering  that  the  varia¬ 
bles  at  x  =  v  and  x  =  x, are  the  transformed  variables  u(x.)  and  u(x.  . ,.)  as  given  by 
(C-  lb).  ‘  M+1  1  M+1 

After  the  transformations  required  by  (C-ll)  are  carried  out,  (C-8)  is  partitioned 
in  the  form 


Y[<W  i  Ithti1' 

-  i 


i  =  1,2,  .  .  .  ,  M..  (C-  12) 


•Throughout  the  remainder  of  this  section,  the  superscript  a  on  y(x)  will  be  omitted. 
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Note  that,  due  to  the  definition  of  Tj  and  T^+i,  the  vectors  y^(xj)  and  Y2 1 xIvH- 1 )  are 
known  through  the  boundary  conditions. 

The  system  of  equations  (C-12)  can  be  solved  conveniently  by  the  standard 
Gaussian  elimination  procedure  in  the  same  way  as  the  linear  problem  treated  in  Refer¬ 
ence  (C-3).  This  procedure  requires,  for  the  purpose  of  triangularization  of  (C-8),  the 


calculation  of  intermediate  matrices  E^,  C^,  aj,  bj,  defined  by 

E  =  Y2  +  Y1  C"  1 
i  i  i  i- 1 

(C-13a) 

4  3-1  -1 

C.  =  (Y  +  Y.  C.  ,)  E. 

l  l  l  l- 1  l 

(0-1 3b) 

1  v1  r~l  u 
a.  =  -  z.  -  Y.  C.  ,  b.  , 

1  X  1  1-  1  1-  1 

(C- 13c) 

b.  =  -  z2  -  Y3  C?1,  b.  ,  -  C.  a. 
l  i  ii-I  l-l  ii 

(C-13d) 

where  CQ  and  bQ  are  taken  as  null  matrices  and  the  calculation  is  carried  out  in  suc¬ 
cession  over  all  values  of  i,  starting  with  i  =  1  and  ending  with  i  =  M.  The  unknown 
variables,  y j <xi)  (i  =  2,  3,  .  . .  ,  M+l)  and  y2(xi)  (i  =  1,  2,  ...  M),  are  obtained  from 


yl(xM-i+2> 


CM-i+l  'V2**M-i+2)  +  bM-i+l' 


(C- 14a) 


y2<xM-i+l) 


EM-i+l  l’rl(xM-i«)  + 


(C-  14b) 


Again,  the  calculation  of  (C-14)  is  carried  out  in  succession,  starting  with  i  =  1  and  end¬ 
ing  with  i  =  M,  by  taking  in  (C-14a)  Y2(xM+l)  =  Of  course,  the  vectors  y;j(xj)  and 
yi(xM+1)  which  result  from  (C-14),  together  with  the  known  vectors  y j (x j )  and  Y2^xm+1^ 
which  are  prescribed  in  (C-lb),  are  really  the  transformed  variables  u(xj)  and  u(xj^+j}, 
and,  if  desired,  they  may  be  transformed  back  into  the  regular  fundamental  variables 
by  (C-lb). 


Derivation  of  the  Fundamental  Equations  for  Nonlinear 
Thin- Elastic-Shell  Analysis 

In  this  section  the  fundamental  equations  for  the  nonlinear  thin-elastic- shell  analy¬ 
sis  will  be  derived.  The  equations  describing  the  linear  axisymmetric  response  of  thin 
elastic  shells  can  be  obtained  from  the  equations  to  be  derived  by  simply  deleting  all 
nonlinear  terms,  i.  e.  ,  terms  which  contain  the  product  of  two  fundamental  variables. 
The  equations  describing  the  nonsymmetric  linear  response  of  thin  elastic  shells  can  be 
obtained  from  Reference  (C-3). 

The  application  of  the  multisegment  numerical  integration  technique  to  the  non¬ 
linear  thin- elastic- shell  equations  is  the  same  regardless  of  the  theory  used.  The  equa¬ 
tions  given  by  Sander s(0- for  small  strain  but  moderately  large  rotation  will  be  re¬ 
duced  to  those  required  for  a  shell  of  revolution.  The  governing  equations  can  be 
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obtained  from  Equations  (A  1),  (A3),  (A5),  (A7),  (A8),  and  (A9)  in  Reference  (C- 5),  by 
making  the  following  substitutions 

<Xj  =  r 

a,  =  R* 

2  0 

°1,  2  *  %  C°S  * 
a2,  1  =  0 

(C- 15) 

r  =  Rq  sin  0  , 

where  the  1  coordinate  has  been  related  to  6  and  the  2  coordinate  to  0. 
Sanders'  equations  yields: 

Using  (C- 15)  in 

Equilibrium  Equations 

sr±«V  w  +  v# 

_  ,  cos  0  -  /  ,  sin  0  \  1  _  . 

Q0,  s  r  %  +  r  /  N0  +  R0  Q0  ^0 

(C-  16a) 

*[^,.  +  ^(l  +  s*)]  N*  +  p*° 

(C- 16b) 

M9,,  +  C°!*(V,V- V°  ' 

(C- 16c) 

Stress- Strain  Relations 

N£>  *  K  (£0  +  %> 

(C-  17a) 

N0  *  K  <€o  +  vc5> 

(C-  17b) 

Me  =  D  k9  +  vkJ 

(C-  17c) 

M0  * D  +  V 

(C-  17d) 

where 

Eh 

K=  2 
(1  -  v  ) 

(C-  18a) 

Eh3 

12,l-v2)  ■ 

(C-  18b) 

C-8 

Strain- Displacement  Relations 


en  -  —  (u,  cos  0  +  w  sin  0) 
dr  0 


0  1 

fl  =  zr~  u ,  -  w 
0  %  *  > 

1  a  , 
~  COS  0 
0  r  0 


'0  =V«  • 

In  the  above,  use  has  been  made  o£  the  expression 


(C-19a) 

(C-l9b) 

(C-  19c) 

(C-19d) 

(C-19e) 


}  "  R0^(  }  '  (C'20) 

Now  that  the  equations  for  the  axisymmetrically  loaded  shell  of  revolution  have 
been  tabulated,  the  fundamental  set  of  equations  which  describe  the  nonlinear  bending  of 
j.  symmetrically  loaded  shell  of  revolution  can  be  derived.  In  particular,  this  set  will 
be  expressed  as  a  system  of  six  first-order  nonlinear  ordinary  diff  *  rential  equations 
such  that  they  can  be  used  in  the  formulation  of  the  multisegment  method  previously 
described. 


The  fundamental  set  of  equations  is  derived  and  listed  in  a  manner  such  that  digital 
computation  is  kept  to  a  minimum.  In  this  set,  the  fundamental  variables  are  defined  as 
those  quantities  which  appear  as  natural  boundary  conditions.  They  are  w,  Q, ,  u,,  N,, 

fy*v 

Define  as  auxiliary  quantities 

£0  B  ^u0  C0S  ^  *  w  s*n  0>/r  (C-21a) 


Kq  =  cos  0  j3^/r  .  (C-21bJ 

Eliminating  from  (C-17a)  and  C-17b)  yields  a  third  auxiliary  quantity 

N0  =  vN0  +  Ehe0.  (C- 21c) 

Similarly,  elimination  of  k ^  from  Equations  (C-17c)  and  (C-17d)  yields  the  final  auxiliary 
quantity 

Eh^ 

M9  =  vM0  +  IT '9  •  (C-21d) 
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Rearranging  Equation  (C-19c)  gives 


w.  ' 


(C-22a) 


Equations  (C-17d)  and  (C-19e)  give 


a  12(1  -  v  )  w 

*>•  Eh3  0  9 


(C-22b) 


The  last  equilibrium  equation,  Equation  (C-16c),  can  be  expressed  as 


M  *  (M  -  M  )  +  Q 
0,  s  r  0  <p  0 


(C-22c) 


Use  of  Equations  (C-17b)  and  (C-18b)  gives 


(1  -  v  )  „  w  1  „2 

u,  «  —  ■ — -  N ,  -  —  -  ve*  -  —  6,  . 
0,  s  Eh  0  R ,  0  2  0 

0 


(C-22d) 


The  second  equilibrium  equation,  Equation  (C-16b),  is  solved  to  give 


Q.  a  No 

0,  S  0 


(C-22e) 


Equation  (C-l6a)  provides  the  last  equation  of  the  fundamental  set: 


)  vp-  <c-22t> 


Now  that  the  fundamental  set  of  equations  has  been  obtained,  it  is  necessary  to 
rive  a  system  of  equations  corresponding  to  (C-6),  This  is  obtained  by  differentiating 
(C-21)-(C-22)  in  succession  with  respect  to  each  of  the  fundamental  variables.  Since 
(C-6)  has  the  st.me  form  with  any  value  of  j,  the  system  of  equations  (C-6)  is  recorded 
here  by  indicating  derivatives  with  respect  to  any  one  of  the  six  fundamental  variables 
by  a  prime: 


e'  =  (u*  cos  0  +  w*  sin  0)/ r 

U 


(C-23a) 


Ke  = cos  * 


(C-23b) 


N'  =  vN'  +  Ehe ' 
0  0  0 


(C-23c) 


,  Eh  / 

M0=VM0+—  *0 


(C-23d) 
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u , 

w'  =  — - fi' 

>s  R0  * 


_  12  (1  -  v  ) 

* - Et ~  *  '  V'S 


M*  _  COS_0  (  .  _  M.  . 

0,  a  r  '  9  <t>  <t> 


■  ‘  Eh  N0  ‘  V£e  "  r#  ■  0/0 


+ N*  Gc  v; + k,  .)  •  (^  ■ -  i' %)  ■  i  >; 


K,  (*?%)-*;  +g;  (•;  »* ♦ *  «;)■ 
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Listing  of  Computer  Program 


The  multisegment  numerical  integration  procedure  for  the  analysis  of  nonlinear 
elastic  thin  shells  of  revolution  described  in  the  first  portion  of  this  appendix  has  been 
incorporated  into  the  computer  program  NONLIN,  which  is  presented  in  the  following 
pages. 


The  program  is  written  in  FORTRAN  IV  and  is  operational  on  the  CDC  6400  at 
Battelle- Columbus.  The  program  is  self-contained,  except,  of  course,  for  the  standard 
liDra-y  functions  COS  (X),  SIN  (X),  TAN  (X).  The  program  uses  Logical  Input  Tape  5 
and  Lcgical  Output  Tape  6. 

The  program  has  been  coded  such  that  a  maximum  of  ten  arrays  can  be  stored  and 
consequently  placed  on  a  magnetic  tape  for  use  by  a  digital-plot  subroutine.  This  sub¬ 
routine,  which  is  available  at  Battelle-Columbus  and  is  called  PLTXYI,  has  not  been  in¬ 
duced  in  this  listing  since  it  would  not,  in  most  cases,  be  compatible  with  other  sys¬ 
tems.  However,  a  dummy  subroutine,  PLTXYI  (this  appears  as  the  last  program  in  the 
listing),  has  been  added  so  that  the  coding  in  the  subroutine  CALCUL  did  not  have  to  be 
changed.  In  the  event  a  user  has  the  capability  of  calling  a  plot  subroutine,  he  would 
only  have  to  provide  the  proper  call  to  his  subroutine,  since  the  coding  necessary  to 
generate  the  arrays  is  included  in  CALCUL. 
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PROGRAM  NONL1N(1NPUT.OU)PUI 


r  API*  5a  I NPU 1  •  T APt6=0U  I PU !  •  PUNCH ) 


DIMENSION 

I A  (8) 

SI (60) 

«  IPAR (60) 

« 

18(8) 

SX (60) 

.  INT (60) 

« 

(iA  (8) 

PRNT (8) 

.  ISS (60) 

« 

08(8) 

EHH (8) 

»  PSH (60) 

« 

Y(b) 

DM (8,61 ) 

»  E YM (60) 

« 

UY  (8) 

TL (8.8) 

*  A (8.9) 

« 

TR (8.8) 

TLI (8.8) 

«  JOBPLT (10) 

* 

TRI (8.8) 

TRY (8.61 ) 

.  TR2(8.8i 

« 

SOUT (2/5) 

0(8.9.60) 

»  P (5.275) 

« 

SLOPE (5.275) 

TRI (8.8) 

.  E (9.60) 

DIMENSION 

V3  (8) 

VN ( 7.60) 

.  YAM ( /2) 

« 

UYAM ( 72) 

ABC (21 ) 

»  EAM(lO) 

« 

HACK (60) 

YSAVE(B) 

.  OETEKM(iO) 

« 

IPLOT(IO) 

XPLOT (350) 

♦  YPLOT (350.10) 

« 

STHOUT (350) 

SIGNPH (350 ) 

.  SIGMPH(350) 

« 

SI OPHT ( 350) 

SlGPHB (350) 

.  SIGN  1 H { 350 ) 

« 

SIGmTh (350) 

SIUThT (350 ) 

.  SIG1 HB ( 350 ) 

« 

TAUPHI (350) 

VARTIK (60) 

»  POINT (60) 

* 

OMSAVE (6.61 ) 

COMMON  /  BLOCM 


COMMON 

COMMON 

common 

COMMON 


BLOCKB 

BLOCKC 

BLOCKO 

HLOCKF 


NO .  PI.  XLO.  NT 
ISH.  TT*  Tl.  T2 
H.  HI.  K2i  H3» 
DM.  GA»  08  »  NF . 


NTYPt.  INUEX.  IBI 
T2.  HTT.  INTC 
»  SXN.  CXS 
F.  NFP.  NPL*  NH. 


NPOINT* 


COMMON  /  BLOCKO 


COMMON 

COMMON 

COMMON 

COMMON 

COMMON 

COMMON 

COMMON 

♦ 

COMMON 

COMMON 


HLOCKH 

BLOCKO 

HLOCKK 

BLOCKL 

BLOCKM 

BLOCKN 

HLOCKP 

BLOCKO 

BLOCKS 


COMMON  /  BL 
COMMON  /  PL 
COMMON 
EQUIVALENCE 


BLOCKX 

PLXY1C 


TL.  tr,  TLI.  thi.  alfl.  ALFR 
nFF.  SMXX.  SZERO.  60.  ERP.  ISS.  E» 

MAX.  INTPHN,  INTVAL.  NPP 
NPARTS.  PHI1.  V3t  KINO.  Nt*  Ml.  SPRINT. 

BACK.  N8ACK 
NOE 

DELX,  PDELX,  ABC.  EAM 
PIN.  PMIN.  HO.  XO.  EMIN.  EMAX 
YAM.  UYAM 
YSAVE 
OETERm 

PLOT.  PLUME.  SPLOT,  PLOTPT.  IPLOI.  YMOO.  KST. 
HGAMMA.  OEAO.  NFH 
TIME.  YAHTIK.  NVAHTK 

JOBPLT.  ALXL.  ALXR*  IA.  Id.  NOPUNC.  INPUN. 
CONVER.  Si.  SX.  INT.  IPAR.  PSR.  ItbR*  NTRY . 
NERROR.  IdRM.  TRYIN.  IBRMAX 
LEVEL1.  LEVEL? 

IEX (ft) »  OUM (4) 

SLOPE.  P.  sour,  o.  A 


EQUIVALENCE 


( Y ( I ) ,  PKNT(l)).  ( Y ( 1 )  , 
(S,  Y  AM  ( 1 ) ) »  (VARTIK(I), 


YAM (2) ) ,  (OY ( 1 ) » 
POINT  U)) 


OYAM (2) ) » 


(SLOPE  ( 1 ) 

(0 (476) 

(0(826) 

(0(1176) 

(0(1526) 

(0(1B76) 

(0(2226) 

(0(25/6) 

(0(2926) 


YPLOT (1) 

XPLOT (1) 

STMOUTU) 

SIGNPH(I) 

SlGMPH(l) 

SlOPHT(l) 

SIGPMBU) 

SIUNTH(I) 

SI(jMTH(l) 
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nnononoooonnonooonnonnnnonnnooooononn 


a 

« 

« 

INFEGEH 

« 

DA  F  A  ( RPi) 
HEAL 


iCUttb)  ♦  SlGtuni)  )• 

<0Ub2b)  »  SIGTH8(1)  )* 

(Li(J9/6>  «  TAUPHl(i)  ) 

GO*  THY1W*  PASS*  SPACE*  ADMSCt ♦  FINIS*  PLOT* 
PLOTP I ♦  PLFImE*  flWt.  VAHT1K*  POINT 
=  o.H4S3292s2e-oi) 

MJ ♦  NF*  MT*  NBACK*  NFH 


aaaaaaa aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 
a  A 

*  SUMflAHY  UF  COMMON  * 

a  a 

*  PHUbHAM  AAAdAC#U<>E<»F  *GttH«J*K<»L*M*N#0*P*UttS»X*i* '■» 
AAA  AAA AAA  A AAAAA  AAA  AAAAAAA  A  A  A AAAAAAA  AAA  A  AAA  AAAAAAA  A  A 

*  AUMlNT  *  *  *  *  *  *  *  #Y«Y*Y«Y *  A  #Y*  *  *  *  '*  * ’* 

*######»#*##»###*»*#*#*»»###*##**##***#***#»*#*»*«* 

*  AIJMPES  a  a  a  A  a  a  a  ay»yayaya  a  ay*  a  a  a  '4  a  '* 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
A  BCONO  A  «  A  AYA  A  A  AYA  AAAAA  A  AAA  A  A  A 
AAAAAAAAAAAAAAAAAA AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

A  CALCiJL  ayayayaya  aY*Y*Y«Y*Y* Y«Y*Y*  •Y*V*V«  ‘*Y^Y> 

AAAAAAA AAAAAAA AAA AAAAAAA AAAAAAA AAAAAAAAAAAAA AAAAAAA 
A  DIH-feU  AYAYA  >  A  A  A  AYA  A  AYA  A  A  AYA  A  A  A  *Y« 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

A  GOMFBY  ayayaya  a  »yay*  a  a  ay*  a  a  *y»Y»  a  a  aVa 

aaaaaaaaaaaaa aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 
A  INPUT  aya  aya  ayayayaya  a  a  a  aya  ayayayaYa  a  a 
aaaaaaa aaaaaaa a aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 
A  INTfcG  ayayaya  a  aya  ayayayaya  a  a  aya  a  a  a  aYa 
aaaaaaa aaaaaaaaaaaaaaaaaa aaaaaaaaaaaaaaaaaaa aaaaaaa 

*  INVEHF  aaaaaaaaaaaaaaaaaaaaa 
aaaaaaaaaaaaa aaaaaaaaaaaaaaaaaa*  aaaaaaaaaaaaaaaaaa^ 
A  MATML  aaaaaaaaaaaaaaaaaaaaa 
aaaaaaa aaaaaaa aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 

*  NONUN  ayayayaya  AYAYAYAYAYAYAYAY*  ayaya yaYay*Ya 
aaaaaaaaaaaaaaaaa aaaaaaaaaaaaa aaaaaaaaaaaaaaaaaaaaa 
A  PLTXY1  aaaaaaaaaaaaaaaaaa  -aYA  a 
aaaaaaaaaaaaa aaaaaaaaaaaaaaaaa aaaaaaaaaaaaaaaaaaaaa 
A  PHINT  ayayayaya  a Ya y* YaY»Y*Y# Y* Y*  ayayaya ’^aVa 

aaaaaaaaaaaaa aaaaaaaaaaaaaaaaaa AAA AAAAAAAAAAAAAAAAA 

A  THICK  ayaya  a  aya  aya  a  a  aya  a  a  a  aya  a  a  a  a 

AAAAAAAAAAAAA AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA AAAAAAA A 

A  IHIANG  A  A  AYA  A  aya  AVa  a  a  a  aYa  a  a  a  a  a  aya 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA AAAAAAA A 

999  CALL  INPUT 

pltime  *  o 

IF ( 1NTVAL  .to.  0)  GO  FO  41b 
WHITE  ( b  *  403 ) 

415  ALFL  *  ALXL^HPU 
ALFH  s  AIXHAHPU 
CALL  BCONO 
DO  *50  1  s  1*  a 
DO  2b0  J  *  It  a 
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TLl(I.J)  *  0.0 
THi(I.J)  a  0.0 

250  CONTINUE 

UO  20  Jal.NOE 
00  20  1*1, NOE 
KalA(I) 

Ls id ( I ) 

DM(I,J)*TL(K»J) 

20  A  (1,J)*TR(L.J) 

00  23  1*1 .NOE 
00  23  J*l»NUt 
TL ( I » J) *UM ( I  ♦  J) 

23  TRU.J)aA  (ItJ) 

DO  21  1*1 ,NUE 
00  21  Jsl.NOL 
Tli(I»J)«TL<I»J> 

21  TRl  (I.J)»TK(I.J) 

CALL  INVERT  ( TLI .NDE.B.DET * 1SCAL) 

CALL  INVERT  (TRI,NOE.8.0ETtiSCAL) 

IF ( INTVAL  .EU,  0)  GO  TO  410 

WHI TE (6,22)  ( ( TL  ( 1 ,  J) ,  J  *  1 «  8)*  (TH(1»J)»  J  «  i»  8) * 

1  I  *  1.  NOE) 

WRITE  <6,24  ) 

WRITE  (6*22)  UTLKI.J),  J  *  It  8)  t  (TRIUtJ)t  J  *  It  8)  t 
1  I  *  It  NOE) 

410  NFP  «  NRAHTS  ♦  1 

UO  859  I  *  It  IBRM 
BACK ( 1 )  a  1,0 
859  CONTINUE 

00  770  IBR  *  1.  IHWM 
ISM  *  ISSUBR) 

GO  TO  ( 770 1  770.  7703.  7703.  7703.  770.  7703.  770),  ISM 
7703  IF ( S X ( IBR)  ,GT.  SI(IBH))  GO  TO  7710 
BACK (IBR)  *  -  1.0 
SIU8R)  ■  180.0  -  SI  (IBR) 

SX(iBR)  *  180.0  -  SX(IBR) 

7710  SXUBR)  *  SX  ( IBR)  *RPO 
SKIBR)  *  SI  ( IBR)  *RRU 
770  CONTINUE 

IF(lbSUBRM)  .EQ.  1)  GO  To  855 
IBHM4X  *  IBRM 
GO  TO  856 

855  IBHMAX  *  IBRM  -  1 

856  00  i 100  J  a  1,  nFP 
00  1100  1  *  1.  8 
TRY ( I , J)  *  0.0 

1100  CONTINUE 

00  1103  L  *  1,  IBRMAX 
00  1103  I  *  1,  8 
OM(I.L)  *  0*0 
1103  CONTINUE 
NN  *  1 
NTYRE  a  1 
CALL  CALCUL 
CALL  PRINT 

WHl TE (6.693)  UETEHM(l) 
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1FUTEH  .EU.  0)  GO  TO  999 

WHIT£(6*6QI>  PNt  GA  1 1  >  ♦  GA<2>.  GB(4),  l,B(b) 

FACTOR  *  l.Q/FLOAf (LEVEL  1) 

00  420  L  *  1*  NFP 
00  420  I  a  1,  6 
THY(ItL)  »  DM ( I »L) *F ACTOR 
420  CONTINUE 
NN  *  0 
NFAIL  *  0 
NTYPE  *  2 
NNNMAX  3  LEVEL  1 
PNMAX  3  VIN  (bt  1 ) 

OEMAX1  *  GA(1) 

0EMAX2  *  GA(2) 

OEMAX3  s  GB<4) 

0EMAX4  3  QB (b) 

GA(1)  s  0,0 
GA (2)  3  0.0 
GB (4)  a  0.0 
GB(5)  3  0,0 

PNINCB  s  PNMAX/FLOAT (NNNMAX) 

0EINC1  3  0EMAX1/FLOAT (NNNMAX) 

DEINC2  »  OEMAX2/KLOAT (NNNMAX) 

DEINC3  3  0tMAX3/FL0AT (NNNMAX) 

OEINC4  3  0EMAX4/FL0AT (NNNMAX) 

TEMP  3  0.0 
DO  10b  L  *  it  NFP 
DO  10b  I  3  1,  6 
OMbAVE(ItL)  «  0.0 
105  CONTINUE 

DO  400  NNN  3  1,  NNNMAX 
TEMP  s  TEMP  ♦  PNlNCH 
DO  39?  L  *  It  IdHM 
VN(btL)  *  TEMP 
397  CONTINUE 

GA ( 1 )  3  GA(1)  ♦  UE INC  1 
GA (2 )  3  GA (2)  ♦  UEINC2 
GB (4 )  3  Gd (4)  ♦  UE INC J 
Gd(b)  3  Gd (b)  ♦  0EINC4 
ITtHCf  s  0 

810  NN  *  NN  ♦  1 
CALL  CAtCUL 

COMMENT  CHECK  CONVERGENCE 

ITtHCT  *  ITERCT  ♦  1 
MAXXX  s  NPARTS  -  i 
DO  d)l  L  *  2t  MAXXX 
DO  BU  I  *  it  6 

IF ( TRY ( I tL>  .EU.  0.0)  GO  TO  811 
IF (UM ( I »L )  .EQ.  0,0)  GO  TO  dll 

IF ( ABS ( (DM ( 1 tL)  -  TRY ( I »L) ) /DM ( I »L) )  .61.  COnVEK)  GO  TO  dbO 

811  CONTINUE 

DO  110  L  «  It  NFP 
DO  110  I  s  1,  6 

TRY (  I  »L)  *  2,0»OM(I,l)  -  OMSAVE(I.L) 


C-  16 


110  CONflNUt 

DO  112  L  =  1*  NFP 
DO  112  I  *  It  6 
DMSAVE  ( I  *L)  s  OM(ItL) 

112  CONTINUE 
GO  TO  81b 

850  IF  ( ITEHCT  .EG.  11F.H)  GO  TO  8llb 
DO  100  L  a  It  NPAHTS 
00  100  1  a  It  6 
TRY (I tL)  a  UM(I,L) 

100  CONTINUE 
GO  TO  810 
8115  NFAIL  *  1 
815  CALL  PRINT 

WHlTE(6t60l)  PNt  GA ( 1 ) «  6A(2)t  GB(4)t  GB(S) 

IF (NFAIL  .£0.  0)  60  TO  3951 

WRl TE (6*692)  I  TEH 
GO  TO  396 

3951  WRITE (6t689)  ITtRCT 
ITERCT  *  0 
396  WRITE (6t690) 

DO  42b  1  «  It  NN 

WHI f E ( 6 1 69 1 )  It  OE TERM ( I ) 

425  CONTINUE 

IF (NFAIL  .tU.  1)  GO  TO  999 
NN  *  0 

400  CONTINUE 
GO  TO  999 

403  FORMAT  (lH0t22X»  20hT  MATRIX  AT  LEFT  ENDt44Xt  21HT  MATRIX  AT  RIbHI 
1  END) 

22  FORMAT  ( 1H  t  tif-8.4,  2Xt  8F8.4) 

24  FORMAT(IHO) 

693  FORMAT ( lHOt  SbHDETEHMINANT  OF  FLEXIBILITY  MATRIX  FOR  LINEAR  ANALYS 
IIS  MIAS  E15.8) 

601  FORMAT (lHOt  32MLOAOINGS  FOR  THIS  ANALYSIS  WtRE  / 

S  6H  PN  »  E14.7  / 

S  9H  6A(i)  ■  £14.7  / 

S  9H  GA (2)  ■  E14.7  / 

S  9H  68(4)  a  E14.7  / 

S  9H  GH(5)  ■  E14.7  ) 

692  FORMAT (lHOf  20HCONV£RGENCt  NOT  OBTAINED  IN  lit  11H  ITERATIONS) 

689  FORMAT (lHOt  34HC0NVtRGENCt  OBTAINED  ON  ITERATION* ID 

690  FORMAT (lHOt  5 THOt TERMINANTS  OF  FLEXIBILITY  MATRIX  FOR  THIS  LOADING 
S  w£HE  ) 

691  format ( i h  .  iohiteration  u«  3Xt  eib.h) 

ENU 
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subroutine  aumint 


UIMtNSlON  Y</2)*  YP(72>*  ABCTZ1).  EUO)*  PRNT (8) 

COMMON  /  BLOCKH  /  N 

COMMON  /  BLOCK J  /  DELX*  PUELX,  ABC*  E 
COMMON  /  BLOCKK  /  PI*  PMIN*  HO*  XO*  EMlN*  EMAX 
COMMON  /  HLOCKL  /  Y*  YP 
COMMON  /  SLOCKO  /  NN 

equivalence  (PWNfm*  y<2)) 

N  *  NOE 
E  *  EAM 
Y  *  YAM 
YO  s  OYAM 

This  SUBROUTINE  IS  A  modification  of  subroutine  AMUBATTELLE 
MEMORIAL  INSTITUTE  PROBLEM  NO,  64  -  64  UECKNO.  4064A).  MAJOR 
DIFFERENCES  ARE  THAT  PARAMETER  LIST  HAS  BEEN  REPLACED  BY  COMMON 
ANO  SUBROUTINE  PROGRAM  WHICH  CALCULATES  DERIVATIVES  MUST  NOW  BE 
CALLEO  OIFFEU. 

SUBROUTINE  SUBPROGRAM  F'OR  THE  AUAMS-MOULtON  AND/OR  KUNGE-KUTTA-  AMi 
GILL  INTEGRATION  OF  A  SYSTEM  OF  SIMULTANEOUS  F IRST  ORDER  AMI 

DlFFEREMIAL  tQUAflONS.  THE  AUAMS-MOULTON  METHOD  USES  RUNGE-  AMi 
KUTTA-GILL  AS  a  STARTER, 


aoams-muultun  integration 

WITH  AUTOMATIC  LOCAL  ERROR  CONTROL* AMi 

VARIABLE  STEP  SIZE. ALL  COUnTEHS  ANUAMi 

tables  are  upoated  at  each  am! 

INTEGRATION  STEP.  AMi 

NN  «  N  ♦  l 

N  *  NUMHtR  OF  tQUAflONS  IN  1  HE  SYSTEM  AMI 

OELX  *  (TRIAL)  STtP  SIZE  IN  THE  INDEPENDENT  VARIABLE*  AMi 

I AM I  INITIALIZES  UELX.  INTEGRA! I DN  MODES  2.3  ANUAMi 
4  HtSULT  IN  AN  INTEGRATION  STEP  OF  THIS  SIZE*  AMi 

ANO  DO  NOT  ALTER  DELX.  INTEGRATION  MODE  I  MAY  AMi 

HtSUL T  IN  A  SMALLER  STEP  OF  THt  FURM  OELX/2.***. AMi 
INTEGRATION  MODE  1  MAY  ALTER  DtLX*  GOT  ALWAYS  AMi 
LEAVES  IT  PHOPEHLY  SET  FOR  THE  NEXT  CALL  (  AS  AMi 

tITHER  THE  ACTUAL  STEP  SIZE  OR  TwiCe  THIS),  THUSAMi 

ONLY  IN  INTEGRATION  MODE  4  NEED  Th£  USER  ADJUST  AMi 
DELX  BETWEEN  CALLS,  AMi 

PUELX  a  THE  ACTUAL  STEP  SIZE  TAKEN*  AN  OUTPUT  IN  ALL  FOURAMI 
INTEGRATION  MUDtS*  EQUAL  TO  DtLX  EXCEPT  POSSlBLYAMl 
IN  MODE  i.  AMi 

Y  a  A  ONE  DIMENSIONAL  ARRAY  CONSISTING  OF  7*(N»I)  AMi 

ELEMENTS  WHICH  CONTAINS  THE  VALUES  OF  AMi 

INDEPENDENT  AND  DEPENDENT  VARIABLES,  THE  F IRS  f  AMi 
N* 1  ELEMENTS  CONTAIN  THE  VALUtS  OF  THE  PRESENT  AMI 
INTEGRATION  STEP.  THE  NEXT  N*1  tLtMENTS  CONTAIN  AMi 
THE  VALUES  OF ’ THE  LAST  PREVIOUS  INTEGRATION  STEPAMl 
ANO  SO  ON.  THE  FIRST  ELEMENT  IN  EACH  GROUP  OF  AMi 
N* 1  ELEMENTS  CONTAINS  THE  VALUE  OF"THE  AMi 

INDEPENDENT  VAR  I  ABLE . INTEGRAT ION  MODES  1*2  AND  3AMi 
SLIDE  THE  FIRST  SIX  GROUPS  DOWN  ONt  GROUP  BEFOREAMI 
PERFORMING  EACH  INTEGRATION  STEP.  INTEGRATION  AMi 

MODE  4  OOtS  NOT  ALTER  THE  ARRAY  EXCEPT  TO  PLACE  AMI 
THE  PRtSENT  VALUES  IN  THE  FIRST  N*i  ELEMENTS*  AMi 
YP  s  A  ONE  DIMENSIONAL  ARRAY  CONSISTING  OF  7*<N*1)  AMI 


3 

4 
b 


ii 

id 

13 

14 

34 

3b 

36 

37 
3B 

39 

40 

41 

42 

43 

44 
4b 

46 

47 

48 

49 
bO 
bl 
b2 
b3 

b4 

bS 

bb 

b7 

bB 

b9 

60 

61 
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OIFFEU 

ABC 


t 


ELEMENTS  WHICH  CONTAINS  THE  VmLOES  Of-  Tut  AMi  62 

OERIVATIVES  Of-  THE  INDEPENDENT  AND  DEPENDENT  AH  I  63 
VARIABLES.  FHt  SIHUCTUHE  AND  PROCESSING  OF  THIS  AMi  64 
ARRAY  IS  tXACTLY  THE  SAME  AS  DtSCWIdtD  FOR  THE  YAM1  6S 
ARRAY.  THt  FIHST  ELtMtNT  IN  EACH  GROUP  OF  N*1  AMi  66 
ELEMENTS  CONTAINS  THE  VALUE  OF  THE  OEHIVAllVE  AMI  6Y 

of  t he  Independent  vakia8le»one.  am!  &b 

NAME  OF  A  SUBROUTINE  SUBPROGRAM  WHICH  CALCULATES  AMi  69 
THE  VALUES  OF  THE  DERIVATIVES.  AMI  Y 0 

A  ONE  DIMENSIONAL  ARRAY  CONSISTING  OF  N+13  AMi  Y1 

elements,  the  first  n*i  elements  are  the  runoe-  ami  id 

KUTTA-GILL  Q  VECTOR.  THESE  ELEMENTS  ARE  MODIF 1EOAMI  Y3 
EACH  TIME  AN  INTEGRATION  STEP  IS  TAKEN,  AMI  H 

REGAROLESS  OF  THE  INTEGRATION  MODE.  THE  LAST  AM 1  YS 

Twelve  elements  of  this  array  are  constants  ami  it 

NEEDED  BY  THE  RUNGE-KU T TA-GILL  INTEGRATION  AMi  YY 

METHOD.  THESE  CONSTANTS  ARE  LOADED  INTO  ABC  BY  AMi  YB 
lAMl.  THE  CONSTANTS  ARE*  AMi  (H 

ABC<N*2>*.5  AmI  BO 

ABC (N+3) **2928932 iHBi 4  AMi  «1 

ABC (N*4) *1.707106781 1B6  AMi  82 

ABCIN+S)*. 1666666606667  AMI  «3 

.AbC  (N*b)  *2,  AmI  84 

ABC (N*7) *1 •  AMi  Bb 

AbC (N*8) *1 •  AMI  B6 

ABC (N*9) *2 .  AMI  BY 

ABC (N+ 10) *.S  AMI  BB 

AHC(N-»11)*. 292893218814  AMi  89 

ABC(N*12)*1. Y0710bY81i86  AM 1  *0 

AttC(NM3)*,S  AMI  91 

A  ONE  DIMENSIONAL  ARRAY  CONSISTING  OF  TEN  AMi  9Y 

ELtMENTS  WHICH  CONTAIN  VARIOUS  COUNTERS  AND  AMi  98 
CONTROL  VARIABLES.  EACH  ELEMENT  WILL  BE  AMi  99 

OISCUSSEO  SEPARATELY*  AMI  100 

t(l)  s  MINIMUM  ALLOWABLE  LOCAL  ERROR.  THIS  AMi  101 
VALUE  IS  1GNOKEU  BY  INTEGRATION  MOOES  AM 1  102 
2.3  ANU  4.  WHEN  IN  INIEGKATION  MOOE  1  AMI  103 
IF  FIVE  CONSECUTIVE  INTEGRATION  STEPS  AMI  104 
HAVE  A  MAXIMUM  LOCAL  ERROR  LESS  THAN  AMi  105 
£ ( 1 )  THAN  AN  ATTEMPT  IS  MADE  TO  DOUBLEAMI  106 
THE  STEPSI2E  ON  THE  NEXT  CALL  OF  AMI.  AMi  1 0 Y 
E (2)  a  MAXIMUM  ALLOWABLE  LOCAL  tHROR.  THIS  AMI  108 
VALUE  IS  IGNORtD  BY  INTEGRATION  MOOES  AMi  109 
2.3  AND  4.  WHEN  IN  INTEGRATION  MOOE  I  AMi  l 10 
IF  THE  MAXIMUM  LOCAL  ERROR  ON  ANY  ONE  AMi  111 

integration  step  exceeds  e(2>  then  an  am!  u2 

ATTEMPT  IS  MADE  TO  HALVt  THE  STEP  SIZtAMi  113 
AND  INITIATE  A  RESTART."  AMI  1 14 

E  ( 3)  a  MINIMUM  ALLOWABLE  STER  SIZE.  THIS  VALUEAMi  lb 
IS  IGNORED  BY  INTEGRATION  MODES  2»3  AMi  lib 
AND  4,  IN  INTEGRATION  MODE  1  NO  STEP  AMi  11 Y 
SIZE  SMALLER  THAN  E(3)  wIlL  BE  USED.  AMi  118 
E  (4)  a  MAXIMUM  ALLOWABLE  STtP  SUE.  THIS  VALUEAMi  119 
IS  IGNOHEO  BY  IMtGHATlUN  MODES  2»i  AMi  120 
AND  4,  IN  INTEGRATION  MODE  I  NO  STEP  AMI  121 
SIZE  LAHGFTR  THAN  t(4)  WILL  BE  USED.  AMi  led 
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t(b)  s  DOUBLE  STEP  SIZE  CUUnIEH.  IN  AMl 

INTEGRATION  MODES  2,3  E(b)  ALWAYS  AMl 

EQUALS  ZERO.  IN  INTtGRA I  ION  MODE  4  AMI 
E (5)  REMAINS  UNCHANGED*  IN  INTEGRA! IONAMl 
MODE  I  E(b)  COUNTS  THE  NUMBER  OF  AMl 

SUCCESSIVE  ADAMS-MOULTON  STEPS  IN  AMl 

WHICH  THE  MAXIMUM  LOCAL  ERKOR  IS  LESS  AMl 

Than  e(1).  when  E(5)"becomes  five  ami 

QOUbLINti  THE  STEP  SIZE  fS  ATTEMPTED.  AMl 
E (5)  IS  RESET  TO  ZERO  EACH  TIME  A  STEPAMi 
IS  TAKEN  IN  WHICH  THE  MAXIMUM  LOCAL'  AMi 
ERROR  IS  GREATER  Than  UH  EQUAL  TO  E(l) AMl 
E (6)  *  PAST  HISTORY  COUNTER.  IN' INTEGRATION  AMI 

MODES  1*2  ANO  3  E(6)  INDICATES  THE  AMl 
NUMBER  OF  GROUPS  OF  N*1  VALUES  AMl 

AVAILABLE  IN  THE  Y  AND  YP  ARRAYS.  THt  AMl 
VALUE  OF  E(6>  IS  ALWAYS  OnE  TO  SEVEN  AMl 

Inclusive,  in  integration  mode  4  E<e>)  ami 
remains  unchanged.  ami 

Em  «  RUNGE-KUTTA-G1LL  LAST  POINT  INDICATOR.  AMl 

in  integration  mode  j  e<t>  is  always  am! 
equal  to  zeho.  in  integration  4  Em  am! 

REMAINS  UNCHANGED.  IN  INTEGRATION  AMl 

MODES  1  AND  2  If-  THt  STtP  JUST  TAKEN  AMl 
WAS  A  RUNGE-KUTTA-GILL  SiEP  THEN  AMl 

E  (7)  ■  1 .  *  OTHERWISE  tm~«  0.  AMl 

E(H)  ■  BASE  POINT  COUNTtR.  IN  INTEGRATION  AMi 

MODES  1*2  AND  3  A  BASE  POINT  IS  AMl 

ESTABLISHED  EACH  TlMt  THt  INDtPtNOtNT  AMl 

variable  is  advanced' an  Integral  ami 

NUMBER  OF  E<4>  MOM  ThE  INITIAL  AMl 

STARTING  POINT,  AT  tACH  BASE  POINT  IHEaMI 

independent  variable  is  recalculated  ami 
AS  E(8)*E (4) +E( 10)  THUS  REDUCING  THE  AMl 
ACCUMULATED  roundoff  error,  in  ami 

integration  mode  4  t (B)  REMAINS  AMI 

UNCHANGED.  AMl 

ET9)  a  STEP  COUNTER  TO  THE  NtXT  BASE  POINT.  iNAMl 

INTEGRATION  MODES  1*2  AND  3  E<9)  AMl 

Indicates  the  number  op  oelx  steps  am! 

REQUIRED  TO  REACH  THt  NtXT  BASt  POINT. AMl 
E (9)  HAS  ONLY  INTEGHAL  VALUES.  IN  AMi 

integration  mode  4  t(9)  remains  am! 

unchanged.  am! 

t ( 10)  S  INITIAL  VALUE  OF  THE  INDEPENDENT  AMi 

VARIABLE  AS  established' IN  I AMI •  AMi 

THt  SUBROUTINE  1AM1  MUST  HE  CALLED  PRIUR  TD  THE  FIRST  CALL  TO  AMl. AMl 

i am  1  initializes  the  arrays  yp*abc  and  t  as  well  as  the  variablesami 

DELX.POELA  AND  Y(l).  PRIOR  TO  THE  CALL  TO  IAM1  THE 'USER  MUST  AMI 

PLACE  THE  INITIAL  VALUES  UF  THEAMi 
DEPENDENT  VARIABLES  INTO  Y<2)  THROUGH  Y(N*1>.  THE  UStR  MUST  ALSO  AMI 
PROVIDE  A  SUBROUTINE  SUBPROGRAM  FOR  THE  EVALUAllON  OF  THE  AMl 

DERIVATIVES.  THIS  SUBPROGRAM  IS  CALLEO  BY  BOTH  AMl  ANO  IAMI  USINGAMi 
THE  STATEMENT  CALL  UiH(Y.YP)  WHERE  0  TR» Y  ANO  YP  ARE  AS  DEFINED  AMl 
ABOVt.  The  SUBPROGRAM  OBTAINS  THE  VALUE  UP  The  INDEPENDENT  AMl 

VARIABLE  F  ROM  Yd)  AND  ThE  VALUES  OF  THE  UtPtNUtNT  VARIABLE  FROM  AMi 
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Y<2)  IHROUGH  YtN*l>.  ThE  SUBPROGRAM  MUST  PLACE  IHt  VALUES  OF  THE  Adi  1  TV 
DERIVATIVES  OF  l HE  UEPENDENT  VARIABLES  INTO  YP(2>  IHROUGH  YP(N*l)AMl  IBO 


***  CAUTION  ***  IF  THE  USEH  OESIRES  TO  CHANuE  INTEGRATION  MOOE  AMI  IB1 

(EXCEPTION  INTMQO  *  4) .SYSTEM  OF  EQUATIONS  OH  STEPAMi  1B2 

SUE  HE  SHOULD  RESTART  THE  INTEGRATION  WITH  A  CALLAMi  IbB 

TO  IAMI,  AMI  1B4 

THE  QUANTITY  HEFEHEU  TO  ABOVE  AS  MAXIMUM  LOCAL  EHHOH* COMPUTED  ANO  AMl  IBS 

USED  IN  MODE  1  TO  CONTROL  HALVING  AND  DOUBLING  OF  THE  lNTEGHAT IONAM1  1B6 

STEP  SUE  *  IS  OtFlNEU  AS  THE  MAXIMUM  OVER  I*1*2*...»N  OF  AMi  1B7 

AMi  IBB 

MlNIf  (ABSF  (P(I)-C(l) )  *ABSF(  (P(I)-C(I))/C(I)))  AMi  1B9 

AMi  190 

WHERE  PU) »  cut  ami  191 

DENOTE»RESPECTIVELY»THE  AUAMS-MOULTON  PREDICTED  AND  CORRECTED  AMi  IV* 

VALUES  OF  THE  DEPENDENT  VARIABLE  Y(I*1>.  THIS  tRROR  IS  THUS  A  AMi  193 

WEIGHTED  MAXIMUM  OVER  ALL  UEPENQfiNT  VARIABLES  OF  THE  DISCREPANCY  AMi  194 

BETWEEN  PREDICTED  AND  CORRECTED  VALUES  OF  EACH  VARIABLE*  FOR  AMi  19b 

EACH  VAHIABLE  THIS  DISCREPANCY  IS  RECKONED  AS  THE  SMALLER  OF  THE  am!  19b 

ABSOLUTE  AND  THE  RELATIVE  DIFFERENCES  BElwEtN  PHEOlCl ED  ANO  AMi  19/ 

CORRECTED  VALUES.  THUS  THE  ABSOLUTE  DIFFERENCE  CONTROLS  WHEN  AMi  198 

ABSF(C(I))  IS  LESS  THAN  ONEPOTHERwISEtTHE  HELAUVE  UIFFEREnCE  AMi  199 

DOES.  (HIS  PROVIDES  A  PARTLY  RELATIVE  ERROR  CONTROL* WHILE  AMi  200 

AVOIDING  THE  DIFFICULTY  A  PURELY  RELATIVE  CONTROL  MIGHT  AMi  201 

EXPERIENCE  IN  THE  VlClNlTYOF  A  ZERO  OF  A  DEPENDENT  VARIABLE.  AMi  202 

PDELXsUELX  AMi  204 

IF  (E(9))4 7*2*4/  AMi  20b 

C  THIS  IS  A  BASEP01NT  -  RECALCULATE  E<9)  AMi  207 

2  I I*£ (4) /D£LX*.5  AMi  208 

E (9) *  1 1  AMi  209 

47  IF  (E(b) *4.) 46*4*4  AMi  21 I 

C  ENOUGH  PAST  HISTORY  IS  AVAILABLE  AMi  212 

4  T£MPa()fcLX/24.  AMi  2l3 

ICON«l  AMi  214 

C  SLIUE  THE  Y  ANO  YP  VECTORS  UOwN  ONE  BLOCK  EACH  AMi  2ib 

5  1 1  H*E  (6)  AMi  21b 

IF  (1111-7)7*6*7  AMi  2i7 

6  1111*1111-1  AMi  2i6 

7  1111*111 I*NN  AMi  219 

DO  8  I»1.IIU  AMI  220 

AMi  221 

1 1*1 1 I>NN  AMi  222 

Y ( 1 1 ) *Y ( 1 1 1 )  AMi  223 

8  YP ( 1 1 >  «YP  (III)  AMi  224 

GO  TO  (  9 . 3b) » ICON  AMi  22b 

C  CALCULATE  PREDICATED  Y  AMi  22b 

9  MNN*2  AMI  22/ 

L*NN*NN  AMi  228 

00  10  I*K,L  AMI  229 

KKKKs I-NN  AMi  230 

II*1*NN  am!  231 

111*11 *NN  AMl  232 

IlU*III*NN  AMI  233 

10  Y  (KKKK)  *Y  ( I )  *T£MP*  (b5.*YP{  I ) -59.#YP  (II)*3/.*YP(llI)-9«*YPUIU))  AMi  234 

Y ( 1 ) *Y (NN* 1 ) ♦DtLX  AMi  23b 

C  CALCULATE  PREDICATED  YP  AMl  236 

CALL  DIFFEQ 
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DU  H  I*l»NN 

AMI 

230 

11 

ABC(l)sYU) 

AMI 

239 

c 

calculate  cuhrec i to  Y 

AMI 

240 

DO  12  1=2, NN 

AMI 

241 

I I=I+NN 

AMl 

242 

I I 1 * I I *NN 

AMI 

243 

IIU»UI*NN 

AMI 

244 

12 

Y(1)*Y(U)  ♦TEmP#  (9,*YP ( I ) ♦ 19,*YP ( 1 1 ) «b,*YP ( 1 1 1 ) ♦ YP ( i 1 1 1 )  ) 

AMl 

24b 

c 

CALCULATE  corrected  yr 

AMI 

246 

CALL  OIFFEU 

c 

AUTOMATIC  ERROR  CHECKING 

AMI 

249 

c 

DETERMINE  MAXIMUM  LOCAL  ERROR 

AMl 

250 

TEMR*0. 

AMl 

251 

DO  16  I*2»NN 

AMI 

252 

IF  (Y(I))lb*l4flb 

AMl 

253 

14 

TEMP  1*1 « 

AMI 

254 

GO  TO  lb 

AMl 

255 

15 

TEMRl*AdC(l)/Y(I) 

AMI 

256 

16 

TEMP  *  MAXIF ( TEMP*  M In  IF (AbS ( ABC ( I )  - 

Y  ( 1 )  )  » 

ABS  (TEMPI  -  l,0m 

IF  (TEMP-E(l) )17,38,24 

AMI 

259 

C 

THE  ERROR  IS  LESS  THAN  1  HE  MINIMUM  ALLOWABLE 

ERROR 

AMl 

260 

17 

IF  (E(5>-4.) 18*19,19 

amI 

261 

C 

NO  1  enough  small  errors  to  double 

am! 

262 

10 

E(b)»E<5)*l. 

AMi 

263 

ICON*2 

AMl 

264 

GO  TO  38 

AMi 

265 

C 

ENOUGH  SMALL  EHRORS  TO  DOUBLE 

AMl 

266 

19 

Il«(E(9)-l.)/2. 

AMI 

267 

TEMP.II 

AMl 

260 

IF  (TEMP*2,*l.-£(9) >18,20,18 

AMi 

269 

C 

WE  ARE  PROPERLY  POSITIONED  TO  DOUBLE 

AMi 

270 

20 

TEMPl«2.*0ELX 

AMI 

271 

IF  (E(41-TEMP1)38,21,  21 

AMi 

272 

C 

STEP  SIZE  CAN  HE  DOUBLED 

AMi 

2/3 

21 

E (9) *TEMP, 1 • 

AMi 

2^4 

DELX.TEmPI 

AMl 

2/5 

E  (6)  *3 

AMi 

2/6 

DO  23  1*1, NN 

AMi 

2/7 

1 1  *  I *NN 

AMI 

2  70 

II I» I I ♦NN 

AMi 

2/9 

DO  22  I II Isl*3 

am! 

200 

Y  ( 1 1 ) *Y  ( 1 1 1 ) 

AMI 

201 

YP ( l I ) *YP (111) 

AMI 

202 

1 1*  1 1 *NN 

AMi 

203 

22 

1 1 1* 1 1 1 *NN*NN 

AMl 

204 

23 

CONT  INUE 

AMi 

20b 

GO  TO  38 

A  * 

286 

c 

ERROR  IS  OK  AT  LOwtR  HOUND  CHECK  UPPER 

bOUNU 

am! 

207 

24 

IF  (TEMP-E(2))38,38,2S 

AMi 

208 

c 

ERHOR  IS  GREATER  THAN  THE  MAXIMUM  ALLOWABLE  1 

LRROR 

am! 

209 

25 

TEMP*.5*U£LX 

AMi 

290 

IF  (TEMP-ET3) >38,26,26 

AMl 

291 

c 

STEP  SIZE  CAN  BE  HALVED 

AMi 

292 

26 

DtLX.TtMP 

AMi 

293 

PUELX.UELX 

AMI 

294 

IF  (E(7) >31,31,27 

AMl 

29b 
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C  LAST  POINT  IS  A  HKG  POINT-GO  BACK  TO  INITIAL  CONDITIONS 

27  UO  28  I=1»NN 
II*I*NN 
II1=II*3*NN 
Y(U)=Y  (III) 

28  YP ( I I ) *YP (III) 

£(9}=E(9>*3. 

II=.5*£(4)/0ELX*.S 
TEMP* II 

29  IF  (E(9)-TEmP)3I*31»30 

30  E (9) =E (9) - TEMP 
E(b)=E(6)-l. 

GO  TO  29 

C  COMPLETELY  RESET  ANU  EXECUTE  RKG  STEP 

31  DO  32  1=1, NN 
I Is  I ♦  NN 

y  ( i ) =r  c 1 1 ) 

32  YP  ( I )  =YP  (ID 
E(9)=2,*E(9) 

E(b)=l. 

33  00  34  1=1, NN 

34  ABC ( I ) =0, 

35  II=NN*3 

DO  37  1 1 I=NN, 1 1 
00  36  1*1, NN 

T£mP=ABC ( 1 1 1 ♦ 1 >  M  YP ( 1 > -ABC < I 1 l ♦S) *ABC (I) ) 
Y(I)=Y(I)*0ELX*TEmP 

36  ABC ( I ) =AHC ( I ) ♦ 3 . * TEMP-AdC ( II I *9) *YP U ) 

CALL  OUFEQ 

3  7  CONTINUE 
GO  TO  39 

C  LAST  POINT  NOT  HKG 

38  E<n*o. 

00  TO  (40, 41), ICON 

39  E(7)*I. 

40  E (S) =0, 

41  IF  <E<6)-7.  >42*43,43 

42  E (6) =E (6) ♦ 1 • 

43  E (9) =E (9) -1 • 

IF  (E(9) U5»44»45 

44  Y(1)sE(10)*E(»)-E(4) 

E (b) =E (8) ♦ 1  • 

45  RETURN 

c  not  enough  past  history  oh  integration  mode  3 

46  IC0N=2 
GO  TO  5 
ENO 


AMI  29b 
AMI  297 
AMI  298 
AMl  299 
AMI  300 
AMI  301 
AMI  302 
AMI  303 
AMI  304 
AMl  305 
AMi  306 
AMI  307 
AMl  308 
AMI  309 
AMl  310 
AMi  311 
AMl  312 
AMI  313 
Anl  314 
AMi  315 
AMi  316 
AMl  3i 7 
AMi  318 
Am!  3i9 
AMi  320 
AMi  321 
AMi  322 
AMl  323 


AMI  325 
AMl  326 
AMI  327 
AMi  328 
AMI  329 
AMi  330 
AMI  331 
AMl  332 
AMi  333 
AMi  334 
AMi  3i5 
AMl  336 
AMi  337 
Arii  338 
AMi  339 
AMl  340 
AMi  341 
AMI  342 
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SUbRQuT INt  «UMH£b 

UlHtNSION  Y(/2)»  YM  ( /<*  I  *  ABC (2 1  >  *  EUQ)*  A*NT(B) 

COMMON  /  BLOCKH  /  N 

COMMON  /  BLOCK J  /  UtLA*  PUELX,  ABC*  6 
COMMON  /  BLUCKK  /HI*  HmIN*  HO*  XO*  EMjN*  EMAA 
COMMON  /  HLOCKL  /  Y*  YP 
COMMON  /  dLOCKO  /  NN 
EQUIVALENCE  (PHNTll)*  Y(2)) 

N  =  NOt 
E  =  EAM 
Y  *  YAM 
YP  =  OYAM 

SUBROUTINE  SUbPKUGRaM  FOR  INITIALIZING  AOMINT 
*HtHE  n  s  SEE  AOmINT 
OtLX  =  SEt.  AOMINT 
POtLX  =  btt  AOmINT 
Y  =  StE  AOMINT 
YP  =  btt  AOMINT 
DIM  =  SEE  AOMINT 
AbC  =  btt  AOmINT 
E  =  SEE  AOmINT 
PI  =  INITIAL  STEP  SIZE 
Pm IN  =  MINIMUM  ALLOWABLE 
ALSO  Stt  e<3)  OF 
HO  =  MAXIMUM  ALLOWABLE 
AOMINT 

XO  =  INITIAL  VALUE  OF  THE  iNOtPENOENT  VaHI ABLE*  ALSOIAM1  20 
SEE  E ( 10)  OF  AOMINT 

EMIN  s  MINIMUM  ALLOWABLE  LOCAL  tHROR.  ALSO  SEE  E(l)  OFlftMl  dd 
AumInt 

EMAX  -  MAXIMUM  ALLOWABLE  LOCAL  LRROK.  also  see  E(2)  OF  I ami  24 
AOMINT 

AOMINT  INITIALIZES  ThE  ARRAYS  YP*A8C  ANO  E  AS  WELL  AS  THE  VARIABLES 
UtLX,PuELX  AnU  Y(l).  PRIOR  To  THE  CALL  TO  AOMRtS 

place  the  initial  values  of  theiami  zb 


OtPENOENT  VARIABLES  INTO  Y<2)  THROUGH  Y(N*1).  IaMI  29 

Y ( 1 ) =XO  IAMI  30 

YPlDsl.  IAMI  31 

CALL  differ 

NN=N*1  IAMI  33 

00  1  1=1 *NN  IAMI  34 

1  AHC ( I ) =0*  IAMI  Jb 

AHC(NN*l)=.b  IAMI  36 

ABC(NN*2)=.292H9iZlbH14  IAMI  3 I 

ABC(NN*3)=1.70d06/Bllbb  IAMI  38 

ABC<NN*4) =.lbbb6bbbbbbb7  IAMI  39 

ABC (NN*S) =2*  IAMI  40 

AHC (NN*b) = i •  IAMI  41 

ABC (nn*7) = 1 •  IAMI  42 

ABC (NN*H) =  2.  IAMI  43 

AHC(NN*9)=.b  IAMI  44 

ABC(NN*10)=,292d9321BBl4  IAMI  4b 

AHC(NN*lI)=l.707iOb7allrt6  IAMI  46 

ABC (NN* 12) =.b  l AMI  47 

E ( 1 ) =E  M IN  IAMI  4B 


IS  MU*2.**l-PI>  IAMI  lb 
STtP  SIZE  IS  hO*2.**(-PMIN).  IAMI  16 
AOMINT 

STEP  SIZE.  ALSO  StE  £(4)  OF  IAMI  18 
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6.  (2)  sfcMAX 

I  AMI 

49 

E(4)*H0 

I  AM| 

50 

fc(5)sO. 

I  AMI 

51 

E(b)*l. 

I  AMI 

52 

fc(/)=0. 

iAMl 

53 

E(B)  =  l. 

IAMi 

54 

E(V)sO. 

IAMl 

5b 

E(10)=XU 

IAMl 

56 

POEUXsO. 

IAMl 

57 

TtMPshO 

IAMl 

58 

IF  (PI)4«4«2 

IAMl 

59 

2 

JsPl*.4 

IAMl 

60 

DO  3  I=lf J 

IAMl 

61 

3 

TEHP=IEHP/2. 

IAMl 

62 

4 

DtLAsfEHP 

IAMl 

63 

J=PM  |  W**p  1  ♦  «  4 

IAMl 

64 

IF  (J )7.Nb 

I  AMI 

65 

5 

DO  6  I=1*J 

IAMl 

66 

6 

lEMH=rtMP/2. 

IAMl 

61 

7 

EUJsTEmP 

IAMl 

68 

HEIUWN 

IAMl 

69 

END 

IAMl 

10 
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SUBROUTINE  tiCONO 

DIMENSION  TL<8*b).  Tk (b*8) *  TLI<8*8)*  INI (8*8) 

COMMON  /  8L0CK0  /  TL*  IR*  TLI*  TRI*  ALFL*  ALFR 
COMMON  /  8LUCFH  /  NOE 
00  2  I  *  l*  « 

00  2  J  *  l*  8 
TL  i I  * J) =0*0 

2  TR  ( I* J)*0*0 

00  3  I  *  5*  NOE 
TL  (IiU-ltO 

3  TR  (I,I>»1.0 
SILS5IN  (ALFL) 

COLSCOS  (ALFL) 

SIH=SIN  (ALFH) 

COR*COS  (ALFR) 

TLlltll*  COL 
TR(l«l)s  COR 
TL»lf3)*-SlL 
TR(1*3)*-SIR 
TL (2*2) ®  COL 
TR(2«2)»  COR 
TL(2.4)*-SIL 
TR(2*4)s-SIR 
TL<3«1)3  S1L 
TR(3*l)*  SIR 
TLC3*3)a  COL 
TR(3«3)«  COR 
TL 14*2) *  SIL 
TR(4,2)*  SIR 
TL  ^4*4) -  COL 
TR (4*4) *  COR 

5  RETURN 
END 
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SUBROUTINE  CALCUL 


DIMtNSlON 

IA  (8) 

• 

SI (60) 

*  IPAR (60) 

IB  (8) 

• 

SX (60) 

»  INT (60) 

GA(B) 

* 

PRNT (8) 

•  ISS (60) 

GB  (8) 

* 

ERH(B) 

*  PSR (60) 

Y  (8) 

* 

OM (8*61 ) 

*  EYM (60) 

DYC8) 

* 

TL(8*8) 

•  A (8.9) 

TR (8*8) 

• 

TLK8.8) 

*  JOBPLT(IO) 

TRI (8*8) 

* 

TRY (8*61) 

*  TR2 (8*8) 

SOUT  (275) 

• 

0(8*9*60) 

•  P (5*275) 

SLOPE (5*275) 

• 

TRI (8*8) 

•  E (9*60) 

DIMENSION 

V3(«) 

• 

VN ( 7*60) 

•  YAM (72) 

OYArt (72) 

* 

ABC (21) 

•  EAM(iO) 

BACK (60 ) 

« 

YSAVE (8) 

t  DETtHM(IO) 

IPLOT(lO) 

• 

XPLOT (350) 

•  YPLOT (350*10) 

STROUT (350) 

• 

SIGNPm (350) 

•  SIGMPH(JbO) 

SIGPhT (3S0) 

« 

SIGPhB (350) 

*  SIGN TH (350) 

SIGmTH (350) 

» 

SIOTHT (350) 

•  SIGTMB (350) 

TAUPHl (350) 

* 

VAHT IK (60) 

«  POINT (60) 

COMMON  /  8LOCKA 


COMMON 

COMMON 

COMMON 

COMMON 


HLOCftd 

dLOCKC 

BLOCKO 

BLOCKF 


COMMON  /  8L0CKG 


COMMON 

COMMON 

COMMON 

COMMON 

COMMON 

COMMON 

COMMON 

t 

Common 

COMMON 


8L0CKH 

BLOCKJ 

8LOCKK 

BlOCKL 

8L0CKM 

BLOCkN 

HLOCkP 

BLOCKQ 

BLOCKS 


NO*  PI*  ALD.  NTYPE.  INDEX*  IBM*  PN*  NPOINT* 

ISM*  TT*  fl.  T2*  HTT.  INTC 

H*  HI*  M2*  R3*  SXN*  CXS 

QM*  GA*  GB»  NF*  NFP*  NPL*  Nh*  NN*  IRY 

TL*  TR.  TLI*  TRI*  ALFL*  ALFH 

NFF «  SmXX*  SZERO*  GO.  ERP*  ISS*  E* 

MAX*  iNTPHN,  INTVAL*  NPP 

NPARTS*  PMII*  V3*  KIND*  NT*  Ml*  SPRINT*  VN.  EYM* 

BACK*  NBACK 

NCt 

DELX*  POELX*  ABC*  EAM 

PIN*  PMIN*  HO*  XO*  EMIN*  EMAX 

YAM*  OYAM 

YSAVE 

OETtRM 

PLOi*  PLUME*  SPLOT*  PLOTPT*  IPLOl*  YMOD.  KST * 
HGAMMA*  DEAD*  NFH 

riMt*  variik*  nvahtk 


COMMON  /  BLOCKS  /  JOBPLI 

*  CONWER 

*  NtRROR 

COMMON  SLOPE* 

COMMON  /  PLXY1C  ✓  IEx(B) 
EQUIVALENCE  (Y(i>*  prnt 


PLUME*  SPLOT*  PLOTPT*  IPLOl*  YMOO*  KST 
«  DEAD*  NFH 
VaRUk*  NVAHTK 

«  ALXL*  ALXH*  I At  IB*  NOPUNC*  INPUN* 

»  SI*  SX.  INT «  IPaR*  PSH*  iIer*  NTHY* 

*  IbRM,  TRY  IN*  1BRMAX 
P*  SOUT.  0*  A 

*  DUM (♦) 

(1))»  ( Y  ( 1 ) *  YAM (2) ) »  (DY(1)*  DYAM (2) ) • 


1 

(S»  YAM ( 1 ) ) 

(VARTIK(l)  * 

POINT 

EQUIVALENCE 

(SLOPE (i) 

YPLOT  (1) 

)  t 

» 

(0(476) 

XPLOt(l) 

)  * 

• 

(U (826) 

SIROUTU) 

)* 

• 

(0(1176) 

SIGNPH(I) 

)  * 

« 

(0(1526) 

SlGMPH(l) 

)  * 

« 

(0(1876) 

SIGPMT(I) 

)  * 

« 

(0(2226) 

SlGPHB(l) 

)  * 

• 

(0(2576) 

SIGNTH(l) 

)  * 

« 

(0(2926) 

SIGMTh ( 1 ) 

)  * 

• 

(0(3276) 

SIGTHT(I) 

) » 

« 

(0(3626) 

SIGTHBU) 

)  t 
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*  ,  (U (39/b)  •  TAUPHIdJ  ) 

INIEGEH  GO*  TRYlN,  PASS*  SPACE*  AOMSCT*  FINIS*  PLOI* 

1  PLOTPT,  PLUME*  TIME,  VARUM  POINT 

OATa(RPD  a  0.1/4b3292b2E-01) 

REAL  NU*  NT*  MT,  NBACK*  NFH 

NF  *  0 

00  10  I  3  It  8 
DO  10  L  3  It  e 
TRl(l,L)  *  o.o 
Trt2( I *L)  s  0.0 

10  CONIINUE 

00  11  I  =3  S,  8 
TRiu,n  =  i.o 
TR2(I*I)  a  1.0 

11  CONTINUE 

00  4340  1BR  =  1*  I8RMAX 
NBACK  a  8 ACM  IBP) 

NVARTK  =  POINT(lbH) 

ISM  *  ISS(IBR) 

YMOO  a  EYP(IBH) 

NU  s  PSH ( 18H) 

PI  *  (1.0  -  NU*NU)/YMO0 

INUEX  a  1 

CALL  GOMTrtY 

TT  a  H*H/12.0 

T1  a  pi/H 

T2  *  Tl/TT 

HTT  a  H*TT 

NFF  a  IPAH(IbH) 

NPP  a  InT(IBH) 

SMXX  s  (SX(IBR) 

SZERO  a  SUIBR) 


-  SI ( 1BR) ) /FLOAT (NFF) 


GO  IS  SET  TO  1  IN  InTEG  IF  THE  DIMENSION (27b)  OF  SOUT  IS  EXCEEDED. 
CALCULATIONS  ARE  STOPPED. 


GO  *  o 
CALL  INTEG 

IF (GO  .EQ.  1)  GO  TO  205 

IF ( IBM  .EQ.  IBHMAX)  GO  TO  501 

SaSX(IBH) 

ISH  a  ISS(IBR) 

NBACK  a  BACMIBR) 

INDEX  a  3 

CALL  GOMTRY 

TRl (1,1)  a  CXS 

TRl ( 1 ,3) *  -SXN 

TRl (2*2) *  CXS 

TRl (2*4) a  -SXN 

TRl (3*1)*  SXN 

TRl ( 3,3) a  CXS 

TRl (4.2) *  SXN 

THl (4,4) *  CXS 

IFUNTVAL  .EQ.  0)  GO  TO  7/8 

WR1 TE (6*673) 

WHITE (6,676)  ( (Trtl ( I  * J) ,  J  a  j,  H) *  I  a  1,  NOE) 
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778  I9HSAV  =  IBR 
IBR  *  IBR  ♦  1 
S  *  SI ( IbR) 

ISH  a  ISS ( IBR) 

NBACK  a  BACK (IBR) 

INDEX  a  3 

CALL  GOMTRY 

IBR  a  IBRSAV 

TRif  ( 1 « 1 )  a  CAS 

TR2  ( 1  «3)  a  SXN 

TR2(2,2)s  CAS 

TR2(2t4)s  SXN 

TH2(3*l)s  -SXN 

IR2(3*3)s  CXS 

TR2 (4*2) =  -SXN 

TR2(4*4)a  CXS 

IF ( INTVAL  .EU.  0)  GO  TO  779 

WRITE (6*679) 

WRITE(6«676)  ((lM2(I«J)f  J  *  1*  8)*  I  *  1*  8) 

C  FORM  PRODUCT  OF  IR2  AND  TR1 
C  PUT  RESULT  IN  TRi. 

779  CALL  mATHL (TR2 (1*1)*  8*  8*  1*  1*  NDE*  NOE* 

*  TRI (1*1)*  b«  8*  It  It  NUEt 

*  TRl(Itl)*  8*  8*  it  it  A) 

IF (INTVAL  .EU.  0)  GO  TO  780 

WRITE  (6*680) 

WRITE (6*6 76)  ((TRldtJ)t  J  »  It  8>t  I  a  1,  NDE) 

C  FORM  PRODUCT  OF  (TR2*TR1)  AND  Q(ItJtNF).  D(ItJ*NF)  CONTAINS  THE 
C  COMPLEMENTARY  ANU  PARTICULAR  SOLNS  FOR  THE  LAST  PART  OF  THE  BRANCH 
C  PUT  RESULT  IN  0(I,j,NF) 

780  CALL  MATMLdRl  (1*1)  »  H,  8*  it  it  NDEt  NDE* 

*  D ( 1 1 1 » NF ) t  8*  9*  1*  I*  NPL* 

*  D(ltitNF)*  8*  9*  1*  1*  A) 

4340  CONTINUE 

501  IFUSSUBRH)  .GT.  1)  GO  TO  5028 
INDEX  a  1 
KINO  a 
ISH  a  1 
IBR  a  leRM 
YMOU  a  EYM(IBR) 

NU  a  PSR(IBR) 

IF(NTYPE  .NE.  1)  GO  TO  518 
XLU  a  0.0 
GO  TO  519 

518  XLU  a  1,0 

519  CALL  GOMTRY 

C  MODIFY  COMPLEMENTARY  SOLNS  FOR  THE  FIRST  PART  OF  THt  FIRST  BRANCH, 
C  STORE  RESULT  IN  D(1*I, J) 

5028  CALL  MATML  (D(ltltl)  «  H,  9,  1,  1*  NOE*  NOE* 

*  ILI(ltl),  w*  8*  li  1,  NOE* 

*  0(1*1. 1),  8,  9*  1,  It  A) 
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C  IF  THEME  IS  A  CROWN*  NO  MODIFICATION  OF  COMPLEMtN I  ARY  AND 

C  PARTICULAR  SOLUTIONS  IS  NtCtSSARY  SINCE  THfcHt  IS  CONTINUITY  ANO 

C  ELEMENTS  HAVE  BEEN  CORRECTLY  POSITIONED. 

IFUSSUtMM)  .EU.  I)  60  TO  706 

C  MODIFY  COMPLEMENTARY  ANO  PARTICULAR  SOLNS  FOR  THE  LAST  PART  OF  THE 
C  LAST  BRANCH. 

C  STORE  RESULTS  IN  O(I.J.nF) 

CALL  MATML (TR(l.l).  8*  8*  1*  1«  NOE.  NOt* 

•  0(1*1* NF) «  8*  9*  1*  1*  NPL. 

•  0(1*1* NF) *  8*  9*  1,  1*  A) 

C  MODIFY  THY(I*J)  for  LINEAR  COMBINATIONS  ANO  arrange  elements 

c  so  that  upper  thhee  are  those  prescribed  on  boundary. 

C  STORE  RESULT  IN  TRY(I.l) 

706  CALL  MATML(TL(l*l) *  8.  «.  1*  1*  NOE*  NOE* 

•  TRY (1*1)*  8*  1*  1*  It  1, 

•  TRY (1*1).  8*  1*  1*  1.  A> 

IF(ISSUBRM)  .GU  1)  GO  TO  4675 

00  4676  I  a  1*  8 
TRY ( I .NPARTS)  *  0.0 
4676  CONTINUE 

4675  IF ( INTVAL  .EU.  0)  GO  TO  4680 
WRITE (6*670)  NN 

WR1TE(6*671)  ( (TRY  (I«J)  *  I  *  1*  8)*  J  as  I,  NTRY) 

4680  NF  *  NPARTS 
CALL  TRIANG 

IF(ISS(IBHM)  ,GT.  1)  GO  TO  4685 

00  4690  I  *  1*  6 

TRY ( I *NFP)  s  OM(I.NFp) 

4690  CONI InUE 

C  MODIFY  DM (1*1)  FOH  LINEAR  COMBINATIONS  ANO  ARRANGE  ELEMENTS  INTO 
C  CORRECT  POSITIONS. 

C  5TORE  RESULT  IN  DM(I.l) 

4685  CALL  MATML < TLi ( 1 » 1 ) ♦  8*  8.  I*  1*  NOE.  NOE* 

•  DM (1*1).  8.  It  1*  1*  1* 

«  OM(l.l),  8*  It  1*  1*  A) 

C  MODIFY  DM ( I *NFP)  FOH  LINEAR  COMBINATIONS  ANO  ARRANGE  ELEMENTS  INTO 
C  CORHECT  POSITIONS, 

C  STORE  RESULTS  IN  OM(ItNFP) 

CALL  MATML (TRI ( 1* 1) •  8*  8,  I*  it  NOE*  NOE* 

•  OM ( I »NFP) «  8.  1*  1,  I,  1* 

•  UM(l.NFP)*  8*  1*  1,  I*  A) 

WHITE (6.24  ) 

IF ( INTVAL  .E 0.  0)  RETURN 

WRITE(6»671)  ( (DM ( J» I ) .  J  *  1*  8).  I  =  1,  nFP) 

return 

205  wRl TE (6»66  7) 

CALL  EXIT 

678  FORMATUHl*  BhTRI  ( I  *  J)  ) 
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6T6  FORMAT (1H0*  8E16.7) 

679  FOHMATdHO*  /»  IHO*  «HTR2(I*J)) 

680  FORMAT  UHO*  /*  1H0»  22HPROOUCT  OF  TH2  AND  TRI) 

670  FOHMAK1HI,  31HTHIS  IS  TRY(1*J)  FOR  ITERATION  12*  / 

671  FORMAT ( 1H  »  8Ei6.n 
24  FORMAT (lHO) 

667  FORMAT <1H0*  26HUI*tNSI0N  OF  SOUT  EXCEEOEO) 

ENO 


*  IHO) 
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SUBROUTINE  OlFFEQ 


DIMENSION 

Y(8) 

* 

OY  (8) 

* 

P (5*2  75) 

SOUT (275) 

» 

SLOPEI5.275) 

• 

YAM(72) 

dyamt  ri) 

• 

PRNT (8) 

* 

XPLOt (350) 

YPLOT ( JbOt 10) » 

STHOUT (350) 

• 

$IGNPH(350) 

SIGMPH (350) 

* 

SIGPHT (350) 

* 

SIGPHB(350) 

SIGNTH ( 350) 

♦ 

SIGMTH (350) 

t 

SIGTHT(350) 

SIGTHBT350) 

t 

TAUPHI (350) 

* 

0(8*9*60) 

IPLOT (10) 

* 

A  (6*9) 

common  /  8L0CKA  /  NU*  PI*  ALO*  NTYPE*  INOEX*  I8H*  PN*  NPOlNT* 

1  ISH,  TT»  Tl,  T2*  HTT*  INTO 

COMMON  /  8L0CK6  /  H*  HI*  R2*  R3*  SXN*  CXS 
COMMON  /  BLQCKH  /  NOE 
COMMON  /  BLOCKL  /  YAM*  OYAM 

COMMON  /  0LOCKP  /  PLOT.  PLUME*  SPLOT*  PLOTPT*  IPLOT*  YMOO*  KST* 


1 

HGAMMA* 

OEAD*  NFH 

COMMON 

SLOPE. 

P»  SOUT*  D» 

A 

EQUIVALENCE 

( Y ( l ) »  YAM (2) ) *  (DY  (1 ) t 

OYAM (2) 

« 

(PRNT(I)*  y 

AM  (2)  ) 

EQUIVALENCE 

(SLUPE(I)  . 

YPLOTU) 

)  * 

« 

(0(476)  * 

XPLOt (1) 

)  * 

« 

(U (826)  t 

STROUTU) 

)* 

« 

(0(1176)  » 

SIGNPHU) 

)* 

« 

(0(1526)  « 

SIGMPH ( 1 ) 

)  * 

« 

(0 ( 1876)  * 

SIGPHTU) 

)  * 

« 

(0(2226)  ♦ 

SIGPHB(I) 

)  * 

* 

(0(2576)  * 

SIQNTH(I) 

)* 

« 

(0(2926)  . 

SIGMTH(I) 

)  * 

« 

(0(3276)  . 

SIGTHTU) 

)* 

« 

(0(3626)  * 

SIGTHB(I) 

)  * 

« 

(0(3976)  » 

TAUPHI (I) 

) 

REAL  NU*  XT*  Nl*  MT*  NR2*  NFH*  MTP 

ET  «  EPSILON  THETA 
KT  *  KAPPA  THETA 
NT  8  n  SUB  THETA 
MT  *  M  SUB  TH£Ta 
NU  a  P0ISS0N*S  RATIO 
PI  a  (1,0  -  NU*NU)/YMOD 
TT  *  H*H/12.0 
Tl  «  Pl/H 
T2  a  U/TT 
HTT  a  H*TT 

NFH  a  FOURIER  HARMONIC 

NH2  a  NFH«R2 

MTP  *  M  THETA  PHI 

PN  a  NORMAL  SURFACE  LOADING 

PL  *  LONGITUDINAL  SURFACE  LOADING 

PC  «  CIRCUMFERENTIAL  SURFACE  LOADING 

BT  *  BETA  THETA 

NTYPE  a  1  LINEAR 

NTYPE  a  2  NONLINEAR 

NTYPE  a  3  AUXILIARY  EQUATIONS  FOR  NONLlNtAR  ANALYSIS. 

INTO  a  INTO  *  I 
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<$,Y^ 


CALL  GOmTRY 

RECUSS  *  R2*CXS 

RESINS  a  H2«SXN 

IF (NOE  .EQ.  8)  GO  TO  65 

ET  *  R2COSS*Y(3)  ♦  HESlNS*Y(l) 

KT  »  RECOSS*Y(5) 

NT  s  NU*Y(4)  ♦  H*ET*YMOD 

MT  *  NU*Y<6)  ♦  HTT*KT*YmOD 

OY(l)  *  R1*Y(3)  -  Y  tSj 

DY (5)  *  T2*Y (6)  -  NU*KT 

0Y(6)  a  RECOS5*(MT  -  Y (6) )  ♦  Y(2) 

GO  TO  (10.  20.  30) ♦  NTYPE 

C  THIS  SECTION  COMPLETES  LINEAR  EQUATIONS. 

10  DY (2 )  *  R2SlNS*Nf  -  RECOSS*Y(E)  ♦  R1*Y(4)  - 

1  (PN  +  (HGAMMA  ♦  DEAU) *CXS) *XLO 

0Y<3)  a  T1*Y(4)  -  Hi*Y ( 1 )  -  NU*ET 

DY(4)  a  K2COSS* (NT  -  Y(4))  -  R1*Y(2)  ♦  (HGAMMA  ♦  DEAD) *SXN*XLO 
GO  TO  59 

C  THIS  SECTION  COMPLETES  NONLINEAR  EQUATIONS. 

20  DY  (3)  *  T1*Y<4)  -  Hl*Y<l)  -  NU*£T  -  0.5*Y (5)*Y (b) 

OY (2)  a  NT* (RESINS  ♦  H2C0SS*Y(5)>  ♦ 

*  Y (4) * (DY (b)  ♦  (1.0  ♦Y(5)*Y(b))*Rl)  - 

*  Y (2) * (H2COSS  ♦  RI*Y(5)>  -  PN  -  (HGAMMA  ♦  DEAU)*CXS 
DY (4)  a  H2COSS* (NT  -  Y (4) )  ♦  Rl* ( Y (b) *Y (4)  •  Y  (2) )  ♦ 

*  (HGAMMA  ♦  DEAD) *SXN 
GO  TO  59 

C  THIS  SECTION  COMPLETES  AUXILIARY  EQUATIONS  FOR  NONLINEAR  ANALYSIS. 


C  PARI  a  0  PHI 

C  PAR2  a  N  PHI 

C  PAR3  a  BETA  PHI 

C  PAH*-  a  BETA  PHI  COMMA  S 

C  PAHS  a  N  THETA 

30  I  *  npoint 

IF(SOUT(I)  -  S)  3«»  38  ♦  3 i 

32  IL  8  1 

IU  *  NPOINT 

33  IF ( IU  -  IL  -  U  3Tt  3/«  34 

34  I  «  (IL  ♦  IU)/E 

IF (S  -  SOU  T  ( I ) )  3b»  38*  3b 

35  IU  *  I 

GO  TO  33 

36  IL  8  I 

GO  TO  33 

37  I  *  IU 

38  DO  49  J  =■  i»  5 

SUM  a  SLOPLU.I  -  1)*S  '  P(J»I  -  I) 
GO  (0  (41 1  4 c\  43.  44 •  45) ♦  '  J 
41  PARI  a  SUM 
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60  TO  49 

*2  PAR2  s  SUM 

60  TO  49 

43  PAH3  s  SUM 
60  TO  49 

44  PAH4  s  SUM 
60  TO  49 

45  PAHb  *  SUM 
60  fO  5b 

49  CONTINUE 

55  DY(3)  s  Tl*Y(4>  -  NU*ET  -  Ri*Y(i)  -  PAR3*Y(b) 

DY(2)  *  NT*(R2SINS  ♦  K2C0SS*PAR3>  ♦  KT*PAR5  -  Rl*Y(b)*PARl  ♦ 

*  Y(4)*(R1*(1.0  ♦  PAR3*PAH3>  ♦  PAR4)  ♦ 

*  PAR2*(2.0*R1*PAR3*Y(5)  ♦  QY(5)>  -  Y (2) * (R2C0SS  ♦  R1*PAR3) 
or (4 )  s  R2C0SS* (NT  -  Y (4) )  ♦  Rl* (PAR2*Y (5)  ♦  PAR3*Y(4)  -  Y(2)) 

59  IF(H3  .EQ.  1.0)  RETURN 

00  60  I  r  if  6 

DY  ( I )  *  CMD/R1 

60  CONTINUE 

return 

65  NH2  a  Nf-H#H2 

ET  *  R2C0SS* Y ( J)  ♦  R2SINS*Y(1)  ♦  NR2*Y(7) 

BT  3  R2bliNS*Y(n  ♦  NH2*Y(1) 

KT  3  R2C0SS*Y(5)  ♦  NH2*8T 
NT  3  NU*Y (4)  ♦  H#YMOU*ET 
MT  3  NU*Y (6)  ♦  HTT*YMOO*KT 
UY(i)  *  H 1*Y ( 3)  -  Y (5) 

OY  (3)  *  T 1*Y (4)  -  NU*ET  -  R1*Y(1> 

OY (5)  a  T2*Y  (6)  -  NU*KT 

DY  <7)  «  H2C0SS* Y  ( 7 )  ♦  NK2*Y<3)  ♦  2. 0*  ( Y  (8)  *  ( 1 . 0  ♦  NU)/(YMOO*H)  ♦ 
$  R2SINS*  TT* (NR2*Y (5)  ♦  BT*R2C0SS> > 

MTP  3  0.b«<1.0  -  NU> 3 (R2CQSS* (R1*Y ( 7)  -  2.0*BT)  ♦ 

%  NR2*(Rl*Y(3>  -  2.0*Y(b))  ♦ 

$  R2SINb*OY(7))/T2 

OY  (2)  a  R2SINS*NT  ♦  H1*Y(4>  -  H2C0SS*Y(2)  ♦  NR2*(NR2*MT  -  2.0* 

«  R2C0SS*Mtp)  -  PN*XLO 

OY (4)  s  H2C0SS*(NT  -  Y (4) )  -  R1*Y(2)  ♦  NR2*<MTP*(R1  ♦  R2SINS)  - 
«  Y  <8)  ) 

OY (6)  «  (MT  -  Y(6))*R2C0SS  ♦  Y(2)  -  2.0*NR2*MTP 
DY («)  3  R2C0SS* (MTP* (HI  -  R2SINS)  -  2.0*Y(8>)  ♦ 

*  NH2* (NT  ♦  H2SINS*MT) 

IF  («3  .£0,  1.(3)  RETURN 

00  70  I  a  It  8 
OY  ( I )  s  UY  (D/R3 
70  CONTINUE 
RETURN 
ENU 
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SUBROUTINE  GOmTHY 


DIMENSION 

VN ( 7*60 ) 

*  DM (6*61 ) 

GA(B) 

» 

GB  (ft) 

»  TRY (8*61 ) 

SOUT (275) 

* 

VI  (4*4) 

*  V2 (4*4) 

V3(B) 

« 

0(6*9*60) 

*  V 4(4*4) 

V5(4*4) 

« 

PHNT (8) 

*  ISS (60) 

E (9*60) 

« 

YAM ( 72) 

*  OYAM (72) 

VAHTIK (60) 

« 

P(b*27b) 

»  SLOPE (5*2 75) 

STHUUT (350) 

« 

SIGNPH (350) 

»  SIGMPH (350) 

SIGPHT( 350) 

« 

SIGPHB (350) 

♦  SIGNTH (350) 

SIGMTH(350) 

« 

SIGTHT (350) 

♦  SIGTHB (350) 

TAUPHI (350) 

it 

XPLOT (350) 

*  YPLOT (350*10) 

POIN! (60) 

« 

EYM (60) 

*  IPLOT (10) 

BACK (60) 

« 

A (ti,9) 

COMMON  /  6LOCKA  /  NU»  PI,  XLD,  NTYPE*  INDEX*  IBR*  PN,  NPOINT* 

I  ISH.  TT*  Tl*  T2,  HTT*  INTC 

COMMON  /  RLOCKB  /  H*  HI*  R2»  R3»  SXN*  CXS 
COMMON  /  BLOCKC  /  OM»  GA*  GB»  NF*  NFP,  NPL*  NH*  NN»  IRY 
COMMON  /  dLOCKF  /  NFF*  SMXX*  SZERQ*  GO*  ERP*  ISS*  E»' 

*  MAX*  intphn*  INTVAL*  NPP 

common  /  BLOCkG  /  NPARTS*  PHll*  V3*  KIND*  NT*  MT»  SPRINT-,  VN*  EYM* 


1 


COMMON 

COMMON 


8L0CKL 

blockp 


1 


COMMON  /  BLOCKU  / 


BACn*  NUACK 
YAM*  OYAM 

PLOT*  PLUME*  SPLOT* 
HGAMMA,  DEAD*  NFH 
TIME*  vahtik*  NVARTK 


COMMON 

SLOPE* 

9  »  SOU  T  »  D  * 

A 

equivalence 

(S*  Y AM ( 1 ) ) * 

(PRNT(l) • 

YAM 

equivalence 

(SLOPE (I)  » 

YPLOT(l) 

) 

(0(476)  t 

XPLOt(l) 

) 

« 

(0(826)  * 

STROOT(l) 

« 

(0(1176)  * 

SlGNPHll) 

* 

(0(1526)  » 

SIGMPH ( 1 ) 

* 

(0 ( IB  76)  » 

SIGPHT(I) 

) 

« 

(0(2226)  « 

SIGPHB(I) 

1 

* 

(0(2576)  » 

SIGNTH ( 1 ) 

« 

(0(2926)  t 

SIGMfHll) 

« 

(0(3276)  . 

SIGTHT ( 1 ) 

j 

« 

(0(3626)  t 

SIGTHB ( 1 ) 

« 

(0(3976)  ♦ 

TAUPHI (1) 

) 

REAL  NU*  NO*  MO*  Nl »  Ml* 

NT*  MT*  NBACK 

INTEGER  GO* 

VAHTIK,  TIME, 

point 

PLOTPT*  IPLOT*  YMOU*  KST * 


2))*  (VARTIK(l),  POINT  ID) 


NFH 


DATA (  HPU  *  0.1746329252E-01  ) 

GO  TO  (1*  2*  3*  A*  5*  6*  7*  B)»  ISH 


THIS  SECTION  IS  FOR  THE  CRO*N. 


I  GO  TO  (13*  14) «  iNDtX 

13  H  *  VN(1*TBH) 

R1  *  1  *  0/VN (2* IBR) 

PN  *  VN (5* IBR) 

GAMMA  s  VN (6* IBM) 

DEAD  *  VN ( 7* IBR) 
HGAMMA  *  R4GAMMA 
PMl  a  (1.0  -  NU)/YMOU 


C-35 


P2M1  s  (l.o  -  NU*N»J)/YM00 
PP3  a  3.0  ♦  NU 
HIM  *  1.0/ (Rl*H) 

R1M3  a  1.0/(R1*H*H*H) 

IF(*lND  .EQ.  4)  (30  TO  140 
PHI 1  3  0.02 
PH12  a  0.0004 
WO  *  TRYU.NFP) 

NO  *  TRY (2*NFP) 

MO  *  TRY (3»Nf P) 

60  TO  1<J0 

180  PH12  a  PMI1**2 
WO  *  OM(l»NFP) 

NO  *  0M(4*NFP) 

MO  a  t)M  (b»NFP) 

190  UO  s  PM1*N0*R1H  -  wO 
HO  *  12.0*PMl*Rlh34M0 
BOl  *  1.0  ♦  BO#XLO 

UO  *  NQ#B01  -  0.b*(PN  -  HGAMMA  -  U£A0)/R1 
Wl  *  0.5* (UO  -  H0/R1) 

Ml  *  0.125<MPP3«U0/R1  -  PMl*MO*YMOO) 

81  »  0.B*R1h3<M3.0*P2h1»Q0/R1  -  (1.0  -  3.0*NU) *PM1*M0) 

N1  *  -  0.5*(3.0*R1M*PM1*(1.0  ♦  0.b*H0*XLU)*M0*YMOD/H  ♦ 

1  0.2b#PP3«Bul*Q0)  -  0. 12b* (HGAMMA  ♦  0£A0)*PP3/H1 

01  *  .  wl/3.0  -  O.l2b*P2Ml#b0l*U0*RlH 

1  -  (3.0  -  NUJ#B04h0*XlO/(16.0*R1) 

2  -  0»b*PMl*(1.0  -  3.0*NU)*RlH3*M0/Rl 

3  -  0. 1H5*P2M I'M  HGAMMA  ♦  OEAO) / (R1#R1*H) 

Q1  *  0.2b»U0*(B0l*801  ♦  1. 0/3,0)  ♦  BOi*Nl  ♦  NQ*(B1  -  d0/12.0)*XLD 
1  ♦  0 • 12&4 (HGAMMA  ♦  UEAU)*(1.0  ♦  2. 0*B0*XLD) /R1 

VJ(1)  a  WO  ♦  w1*PHI2 
V3 (A)  a  NO  ♦  N1«PH12 
V3(6)  a  MO  ♦  Ml*PHl2 
V3 (2)  a  -  (UO  ♦  Ul*PHl2)*PHll 
V 3<3)  ■  -  (UO  ♦  Ul*PHl2)*PHli 
V3 (5)  a  -  (HO  ♦  bl#PH12)*PHil 
IFOdNU  *EU.  b)  GO  TO  19b 
NT  *  NO  ♦  <3.0<*N1  ♦  BQ1*Q0)*PHI2 
MT  »  MO  ♦  (3.0*Ml  -  U0/H1)*PHI2 

return 

19b  00  200  1  a  1*  3 

UO  200  J  a  U  3 
Vl(I.J)  ■  0.0 
V2(l»J)  *  0.0 
V4 ( I « J)  a  0.0 
V5 ( I ♦ J)  a  0,0 
200  CONTINUE 

Vb( 1 *2)  «  1.0 

V S(2.,3>  *  12.0»PM1*H1H3 

W5 (3.3)  a  1,0 

V4(l«l)  *  1,0 

V4(2,2)  a  HOI 

V4 (2,3)  a  NO*Vb (2,3) 

V  4 ( 3 , 1 )  a  -  1.0 
V4 (3,2)  a  Pm1*R1H 

V2 ( 1 *2)  *  -  0,12b»PP3*B01#V4 (2,2) 
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V2(l*3)  =  -  l.b*PHl*«lH*(1.0  ♦  0.5*ttO)*YMOU/H  - 

1  C  0.fb*PMl*HlH*MO*V5(2* 3)*YM00/H 

2  ♦  0.12b*PP3*(Bul*V4(2.3)  ♦  00*Vb(2*J)))*XLO 
V2(2*2)  *  1.5*P2H1*HIm3*Y4(2*2)/«1 

V2(2*3)  *  U.5*«1H3*(3.0*P2H1*V4(2*3)/P1  - 
1  (1*0  -  3.0*NU)*PHl*Vb(3.3>) 

V2(3«2)  *  0.12b*PP3*V4(2»2)/«l 

V2(3*3)  =  0.125*(PP3*V4(2,3)/R1  -  Prtl*Y«OU) 

VI  Civil  *  0.b*V4(3*l) 

VI (1*2)  *  0.5*V4(3.2) 

Vl(l,3)  =  -  0.5*Vb(2»3)/Rl 

VI  (2.2)  s  0.2b*V4(Z,2)*(B0l*B0l  ♦  l. 0/3.0)  ♦  H0i*V2(l,2>  ♦ 

1  ( (B1  -  00/12.0) *Vb ( 1 *2)  ♦  N0*V2(2.2))*xLD 

VI (2*3)  =  0#2b*V4 (2.3) * (b0l*B0l  ♦  1.0/3. 0)  ♦  U01*V2(1«3)  ♦ 

1  NO* ( V2 (2*3)  -  Vb(2.3)/12.U)  ♦ 

2  Vb(2»3)*(0.b*Q0*HQl  ♦  Nl>*Xl_D 
VlOtl)  s  -  Vl(lil)/j.0 

VI (3*2)  =  -  Vl(l*2)/3.0  -  0.12b*P2Hl*RlH*B0i*V4l2,2) 

VI (3*3)  =  -  VI ( 1 *3) /3.0  -  0.5*PM1*(1.0  -  3.0*NU)*R1m3/R1 

1  -  0. 12b*P2Ml*0Ol*RlH*V4 (2.3) 

2  -  Q. 12b* (P2m1*Q0/H  ♦  (3.0  -  NU)*0O)*Vb(2*3)*XLO/Rl 
VI  (1.1 )  *  V4(l.l)  ♦  V 1 ( 1  *  1 ) *PHI2 

VI (1.2)  =  V4 ( 1 .2)  ♦  V 1 ( 1 .2) *PhI2 
VI ( 1 .3)  *  V4 ( 1 ,3)  ♦  VI (1*3)*PhI2 
V2( 1.1)  *  Vb(l.l)  ♦  V2(1.1)*PHI2 
V2 ( 1 .2)  *  V5 ( 1 .2 )  ♦  V2(1.2)«PHI2 
V211.3)  =  Vb ( 1 ♦ 3 )  ♦  V 2(1.3)*PhI2 
V2 (3. 1 )  *  Vb (3. 1 )  ♦  V2(3.1)«PHI2 
V2 (3.2)  *  Vb (3.2)  ♦  V2(3.2)*PHI2 
V2 (3*3)  =  Vb (3. 3 )  ♦  V2(3»3)*PHI2 
VI (2* 1 )  *  -  ( V* (2* 1 )  ♦  vl (2. 1 ) *HH12) *PHl 1 
VI  (2*2)  =  -  (V 4(2,2)  ♦  Vl  (2*2)*PH12)*PHU 
VI (2,3)  =  -  ( V4 (2*3)  ♦  Vl (2.3)*PHI2)*PMI1 
V 1 (3,1)  *  -  ( V4 ( 3* 1 )  ♦  vl (3»1)*PHI2)*PHI1 
Vl  (3*2)  ss  -  (V 4(3*2)  ♦  Vl  (3.2)*PHI2)*PHll 
Vl  (3.3)  =  -  ( V4  (3*3)  ♦  Vi  (3.3)*PHI2)*PHU 
V2 (2* 1 )  =  -  ( Vb (2* 1 )  +  V2(2»1)*PHI2)*PHI1 
V 2(2*2)  *  -  (Vb (2*2)  *  V2 (2,2) *PHI2) *PHl 1 
V2 (2*3)  =  -  ( V5 (2*3)  ♦  V2 ( 2 ♦ 3) *PHI 2) *PHl 1 
IF (INTVAI  «EQ.  0)  UU  10  166 
WRITE (6*603) 

WR1 TE (6*602)  ( ( Vl ( 1  * J) *  J  =  1*  3),  V 3 ( I )  ♦  I  *  1*  3) 

WRITE (6*604) 

00  1 6b  l  *  1.  3 
M  «  l  ♦  3 

WRITE (6.602)  (V2 ( I. J) .  J  a  1.  3).  V3(M> 

165  CONTINUE 

166  CAUL  INVERT ( V 1 »  3.  4,  OET,  ISCAl) 

00  100  I  s  1.  3 

00  100  J  a  1.  3 
O(l.J.NPARTS)  a  Vl(I.J) 

100  CONTINUE 

CALL  MATML  (V2 ( 1 . 1 ) ,  4.  4.  1,  1.  NH,  NH* 

*  Vl(l.l)*  4*  4*  1,  1.  NH* 

«  0(1*1 *nPARTS) »  B*  9.  NH  ♦  1*  1,  A) 

00  lib  I  a  1,  6 
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00  115  J  *  4t  7 
D(l# J.NPAHTS)  *  0.0 
115  CONTINUE 

00  120  I  s  4i  6 
0<I»I,NPAR1S>  *  -  1.0 
120  CONTINUE 

00  130  J  *  1*  3 
SUM  «  0.0 
00  125  I  =  1»  3 

SUM  *  SUM  *  U ( J, I .NPARTS) *V3 ( 1 ) 

125  CONTINUE 

D(3«7«NPAHTS)  *  -  SUM 
130  CONTINUE 

00  135  I  -  1«  3 

0(1.7, NPARTS)  *  0<I.7.NPARTSI  4  try<i,nfp> 

135  CONTINUE 

00  145  J  *  4t  6 
SUM  =  0,0 
00  140  I  »  1,  3 

SUM  =  SUM  4  0 ( J» I , NPARTS ) *V3 ( I) 

140  CONTINUE 

D(J»7.NPAHTS)  a  -  SUM 
145  CONTINUE 

00  ISO  I  =  4.  6 

0(1. 7, NPARTS)  a  U < I t J ,NPAHTS)  4  V3(I) 

150  CONTINUE 

IFUNTVAL  .EU.  0)  HtTURN 
WRITE(6,60T) 

WRI I E (6,606)  ( (U(I,J, NPARTS) ,  J  *  1*  7).  I  *  If  6) 

WRITE (6,6Q4) 

WRI TE (6»60S)  UET 
WRITE (6»b04) 

14  RETURN 

C  THIS  SECTION  IS  FOR  THE  CYLINOERTCONSTANT  THICKNESS) 

2  GO  TO  (23,  24,  23),  INDEX 

23  Ha  VN(l,IBH) 

HI  =  0.0 

R2  *  1 ,0/VN (2,  ItJH) 

R3  a  1.0 
CXS  a  0.0 
SXN  a  1,0 
PN  a  VN (5, 1BR) 

GAMMA  a  VM6.IBW) 

OEAO  a  VN(7*I8H) 

HGAMMA  a  H*6AMMA 
INUEX  a  2 

IF ( VN (3* 13H)  ,NE.  90.0)  SXN  a  -  1,0 

24  R£ I  URN 

c  this  section  is  for  the  sphere. 

3  GO  TO  (33.  34,  343),  INDEX 

33  H  *  VN(l.IdR) 

HI  a  1 • O/VN (2, IHR) 
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R3  *  nBACK*R1 
PN  x  VN(StlBK) 

6AHMA  x  VN (6* IBB) 

DEAO  x  ¥M7#IBH) 

HGAMMA  *  H*GAMMA 
INDEX  *  2 

IF (NVAHTK  .EO.  0)  INDEX  *  3 
RETURN 

34  CALL  THICK 

TT  *  H*H/12*0 
T1  *  Pl/H 
T2  *  Tl/TT 

HTT  s  h*tt 

HGAMMA  X  H*GAhHA 
345  SXN  x  SIMS) 

CXS  x  COSTS) 

IF(NBACK  .LQ.  -  1.0)  CXS  *  -  CXS 

H2  *  Hl/SXN 

RETURN 

C  THIS  SECTION  IS  FOR  A  PAHABOLOIOAL  SHELL. 

4  60  TO  (43«  44*  445)*  INOCX 

43  H  s  VM1.IBK) 

PN  *  VN (5* IBR) 

GAMMA  x  VN (6* IBR) 

OEAU  x  VN (7* IBR / 

HGAMMA  x  H*GAMMA 
A  a  l ,0/VN (2* IBHT 
INOEX  *  2 

IF  INVAR  TK  .Ett.  0)  INOEX  x  3 
RE1URN 

44  CALL  THICK 

TT  3  h*H/12.0 
T 1  x  Pl/H 
T2  *  Tl/TT 
HTT  X  h*TT 
HGAMMA  »  H*GAMMA 
445  CXS  x  COS(S) 

SXN  x  SIN (S) 

IFTNBACK  .tU.  -  1.0)  CXS  x  -  cxs 
H2  *  A*CX5/SXN 
R 1  s  a*CXS«*3 
R3  *  NBACK«R1 
return 

C  THIS  section  is  FOR  AN  ellipsoidal  SHELL* 

5  GO  TO  (S3*  S4*  54S) »  INDEX 
53  H  «  VN ( i » IbH) 

A  x  VN (2* IBR) 

B  *  VN (3* IBH) 

C  *  VN (4* IBR) 

A0VER8  x  (A/B}**2 
FACTOR  a  1,0  -  ADVERB 
PN  *  VN(S»1BH) 
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GAMMA  s  VMbtlbR) 

OEAU  s  VN (7* IBR) 

HGAMMA  s  H«GAHMA 
iNUtX  s  2 

IF(NVAHTK  .EQ.  0)  iNUtX  3  3 
RE f URN 

54  CALL  THICK 

TT  *  H*H/12.0 
T|  =  Pl/H 
T2  =  Tl/IT 
HTI  s  h*TT 
HGAMMA  3  H*GArtHA 
545  SXN  s  SIN (S) 

CXS  3  COS(S) 

IF (NBACK  ,tU.  -  1.0)  CXS  *  -  CXS 
R  =  SORTiAOVtRH  ♦  FACTOR*SXN*SXN) 

HI  *  H*H*H/(B*AO«fcHd) 

H2  3  1.0/ (C  ♦  B*SXN/R) 

H3  *  n«aCK*H1 
return 

C  THIS  SEC  I  ION  IS  F  OR  A  CONICAL  SHELL. 

6  GO  TO  (6Jt  64»  bit  645)  »  INUEX 

63  H  3  Vn(I.IBH) 

R1  3  0.0 

R3  *  1.0 

ALFA  s  VN(2f 1BH)*RPU 
SXN  s  SIN(ALFA) 

CXS  3  COS(ALFA) 

A  s  VN (3* IBR) 

PN  *  VN (5» IBR) 

GAMMA  s  VN  (6*  IBR ) 

OEAU  *  VN ( 7» IBR ) 

HGAMMA  s  H#GAMMA 
INUEX  »  2 

IFtNVARTK  ,EU.  0)  INUEX  a  4 
RETURN 

64  CALL  THICK 

1 T  3  H*H/12.0 
II  3  PI/H 
T2  3  TI/TT 
hit  3  H*T T 
HGAMMA  a  H#GAMMA 
645  R2  3  1 » 0/ ( A  ♦  S*CXS) 
return 

C  THIS  SECTION  is  TOR  The  torus. 

7  GO  TO  (73*  74*  74S) ♦  INDEX 

73  Ha  VN(ltlBR) 

RI  3  l • 0/VN IBR) 

R3  3  NbACK*Rl 
A  *  VN ( 2 f I BH ) 

OTOHUS  a  VN(3»IHH) 

HN  a  v N(b«iBR> 
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GAMMA  s  VN (6# IBM) 

OCAU  *  VM7«18H> 

HGAMMA  a  h*gamma 
INDEX  a  2 

IF(NVANTK  .EU.  0)  INDEX  =  3 
HE I URN 

74  CALL  THICK 

IT  a  h*H/I2.0 
T1  =  Pl/H 
T2  *  Tl/TT 
MTT  *  H*TT 
HGAMMA  a  H*GAMMA 
745  SXN  a  SIN (S) 

CXS  a  COS(S) 

IF (NdACK  .ED.  -  i.O)  CXS  a  -  CXS 
H2  *  l.O/IA  ♦  8T0HUS*SXN) 

RETURN 

C  THIS  SECTION  FOH  VARIABLE  THICKNESS  CYLINDRICAL  SHELL. 

8  GO  TO  (Hit  84 t  8i) «  INDEX 

83  H  a  VN(ltlbR) 

R1  *  0.0 

R2  a  I . 0/VN (2 1 IBR) 

R3  *  1*0 
SXN  a  1.0 
CXS  a  0.0 
PN  »  VN (5* IbR) 

GAMMA  a  VN(6»I8H) 

DEAD  a  VN ( 7* IBR ) 

HGAMMA  a  H*GAMMA 
INDEX  a  2 

IF(VN(3»IBH)  .NE.  90.0)  SXN  a  *  1.0 
RETURN 

84  CALL  THICK 

TT  *  H*H/12.0 
Tl  *  Pl/H 
T2  »  Tl/TT 
HTT  a  H*TT 
HGAMMA  *  H«6AMMA 
RETURN 

603  FORMATUH1*  25HSERIES  SOLUTION  FOR  CROKN) 

602  FORMAT ( IHO ♦  3620.8*  10X*  E20.8) 

604  FOHMATUHOi  /*  IHO) 

607  FORMAT ( IHO*  13HU ( I  * J»NPAHTS) ) 

606  FORHATUHO*  6U7.7*  10X,  ElJ.7) 

605  FORMAT  UH0»  l4HUtTE8MINANT  «  SIS. 8) 

END 
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SUBROUTINE  INPUT 


DIMENSION  TITLE1 (20)  * 

BOUND I (8) 

*  GA (8) 

• 

TUL£2(20)  • 

BOUNDF (8) 

•  Gd (8) 

• 

T I f LE3 (20)  • 

SI (60) 

•  IA(B) 

« 

NAMEBI (6)  • 

SX(60) 

•  Id  (8) 

* 

NAME2 (bO)  * 

iPAR(bO) 

•  INT (60) 

• 

TOIST(bO)  t 

VN(7*60) 

•  VAR  T IK (60) 

• 

NAMESl(b)  • 

EYM(bO) 

•  XP(10*6U) 

• 

NAMES2 (3)  * 

PSH (60) 

•  YP( 10*60) 

» 

ISS(bO)  • 

IPLOT(IO) 

*  THY (8*61 ) 

• 

SL(9«oO)  * 

0M(8*6l) 

•  V3(B) 

* 

BACK (bO)  • 

POINT (bO) 

•  UNIT i (2) 

• 

UNIT0(2)  * 

jOaPLT(iO) 

*  OETEHM(iO) 

• 

E (9*60)  • 

NFUURA (9) 

common 

/ 

8L0CKA  /  NU*  PI*  ALOt  NTYPE,  INDEX*  IBM*  PN«  NPOINT 

1 

ISH*  TT»  1J 

»  T2*  HTT* 

INTC 

COMMON 

/ 

BLOCKC  /  DM*  GA*  Gd* 

NF*  NFP* 

NPL*  Nrt*  NN*  THY 

COMMON 

/ 

BLOCKE  /  XP*  YP*  SL 

COMMON 

/ 

BLOCKF  /  Nf  F  *  SMXX* 

S2ER0*  GO* 

EHP.  ISS*  E* 

« 

MAX*  INTPHN*  INTVAL* 

NPP 

COMMON  /  BLOCKG 


common 

COMMON 

COMMON 

l 

COMMON 

COMMON 


dLOCKH 

HtOCKN 

BLOCKP 

blockq 

BLOCKS 


COMMON  /  BL 

equivalence 

DA  I A (  HPU  » 


BLOCKX 


WPARTS*  PHll*  V3t  KI 

BACK*  NHACK 

NOE 

OETERM 

PLOT*  PLUME*  SPLOT* 
HOAMMA*  Ut AO*  NFH 
TIME*  VAHUK*  NVAKTK 
J08PLT •  ALXL»  ALXH, 
CONVEH*  SI*  SX*  INT* 
NERHOR*  IBRM*  TRYIN* 
LEVEL!*  LEVELS 


SPLOT*  PLOTPT.  IPLOl*  YMOO*  KST * 

NFH 

NVAHTK 

ALXH*  1A»  IB*  NOPUNCt  INPUN* 

ITER*  NTRY* 


IPAR*  PSH* 
IBHMAX 


(VAHTIK(I)*  POINTU)) 


DATA 


DATA 

l 

DATA 


HPU  a  0,17‘*5329252E-01  ) 

(NAMED! <l)  a  6HOISPLA)  *  (NAMEBI(S) 
(NAMEBI (2)  a  6MFOHCE  )  * 

(NAMEBK3)  a  OHSL0PE  )  ♦  (NAMEBI  (6) 
(NAMEbI (4)  a  6HM0MENT) 

(MARKC  a  2HYE ) *  (MARKO  a  2HNO) ♦  (MAI 


6HCEMENT) 


DAI  A 


integer 

* 

REAL 


(MAHKN  a  JHNO 
((NAmKSKI)*  I 


(  (NAMES2U)  . 


(UNITIU) 
(UnITI (2) 
(UNITD(I) 
(UNITD(2) 
VARTIK* 
BOUNDE* 
NU* 


8)  a 


I  YE ) *  (MARKO  *  2HNO) *  (MARKE  a  IHS) * 
INO  )*  (MARKY  a  3HYES) 

I  *  1*  8)  a  bHCROWN  *  bHCYLINU*  6H! 

6HPARABO*  6HELLIPS*  6H< 
bBTOROID*  6MVARCYL)* 

I  a  1,  8)  a  6H  *  6HRICAL  *  6H, 

6HLOIOAL*  6HOIDAL  *  6HI 
bMAL  »  bHINDER  ) 

a  bHINCHES) * 
a  lH  )  ♦ 

a  6HOEGHEE) * 
a  IHS  ) 

POINT*  GO*  TRYIN*  PLOT*  PLUME*  I IMI 
TOIST 

NT*  M  T »  NBACK*  NEH 


bHCYLINO*  bHSPHERO* 
bHELLIPS*  bHLONlCA* 
bMVARCYL) * 
bHRICAL  *  bHlDAL 
6HOIDAL  *  bHL 
bHINDER  ) 


UMt*  BOUND!* 


FOR  PLOTTING  USt  THt  FOLLOWING  CODE  NUMBERS  TO  INDICATE  THt  VARIABLE 
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r>  o  o  oo  r>  o  r>  n  o  o  nooooooooftoofioftrtftoooofto 


DESlHEU. 


NUMBER 

VARIABLE 

i 

M 

2 

Q  PHI 

3 

U  PHI 

4 

N  PHI 

5 

BETA  PHI 

6 

M  PHI 

7 

N  THETA 

8 

M  THETA 

9 

EPSILON  THETA 

10 

EPSILON  PHI* 

11 

SIGMA  N  PHI 

12 

SIGMA  M  PHI 

13 

SIGMA  PHI  OUTER 

14 

SIGMA  PHI  INNER 

IS 

SIGMA  N  THETA 

16 

SIGMA  M  THETA 

17 

SIGMA  THETA  OUTER 

IB 

SIGMA  THETA  INNER 

19 

TAU  PHI 

TRY  IN  a  0  INDICATES  THAT  LINEAR  PROBLEM  MILL  BE  SOLVtD. 

TRYIN  *  1  INDICATES  THAT  LINEAR  PROBLEM  AND  POSSIBLY  ONE  OR  MORE 
ITERATIONS  HAVE  BEEN  DONE  ANO  THE  LAST  RESULt  IS  TO  BE  READ  IN. 


INTPRN  a  0  INDICATES  THAT  INTERMEDIATE  RESULTS  ►ROM  THE  NONLINEAR 
ANALYSIS*  I.E.t  VALUES  OF  PARAMETERS  AND  SLOPES*  MILL  NOT  BE 
PRINTED  OUT. 


INTVAL  *  0  INDICATES  THAT  INTERMEDIATE  RESULTS  FROM  INITIAL  VALUE 
INTEGRATIONS  MILL  NOT  BE  PRINTED  OUT. 


NOPUNC  *  0  INDICATES  THAT  SOLUTIONS*  DM(I,NF)  ANO  E(I*JJ>  MILL 
NOT  BE  PUNCHED. 

NOPUNCH  *  l  INDICATES  THAT  THEY  MILL  BE  PUNCHED. 


C  PLOT  a  NUMBER  OF  COLUMNS  OF  VARIABLES  TO  BE  PUT  ON  PLOT  TAPt  TO 

-  BE  MACHINE  PLOTTED  AT  LATER  TIME. 


COMMENT  SET  NUMBER  I  (  CAROS  ■  3  > 

REAU(S*S00)  TITLE1 
IF (EOF  »S)  998*  997 
997  CONTINUE 

REAU(b*500)  TITLES*  TITLE3 
mRITE<6.534) 
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350 


wRITE(6*535) 

WRltE(6.536) 


WRITE (6*53 /) 

WRi TE (6*539) 

NT  IRE  *  1 

WRITE (6*501 )  TITLE1* 
60  TO  (355*  360* '365* 


TITLES*  TITLE3 
370*3/5)*  NT IRE 


COMMENT  SET  NUMbEH  2  (  CAROS  =  1  ) 

COMMENT  BOUNDARY  DATA  AT  INITIAL  EDGE 


355  READ (5*530)  (BOUNUI (I) *  GA(I).  I  =  1*  4) 


COMMENT  SET  NUMBER  3  (  CAROS  s  1  ) 

COMMENT  BOUNDARY  OAT  A  AT  FINAL  EDGE 

REAO  (5*530)  (BOUnOMI).  GB(I)*  1  =  5*  8) 


COMMENT  SET  NUMBER  4  (  CARDS  *  1  ) 

COMMENT  ANGLE  IN  DEGREES  AT  INITIAL  AND  FINAL  BOUNDARIES 


REAU (5*565) 

ALAL 

«  ALXR 

IF (BOUNUI  (1) 

.to. 

NAME8I (1) 

•  OR* 

BOUNOl (1) 

•  EO. 

NAMEBI (2) ) 

815*800 

815 

IF (BOUNOl (2) 

.EO. 

NAMEBI (1) 

•  OH. 

BOUNDl (2) 

•  EO. 

NAMEBI (2) ) 

816*800 

816 

IF (BOUNDl (J) 

.EO. 

NAMES I (3) 

•  OR* 

BOUNOl (3) 

•  Eu  • 

NAMEBI (4) ) 

817*800 

817 

IF (BOUNDI (4) 

.EO. 

NAMEBI (1) 

•  OR* 

BOUNDl (4) 

•  EO. 

NAMEBI (2) 

« 

•  OR* 

BOUNDl (4) 

.to. 

NAMES2U)  ) 

818*800 

818 

IF (BOUNOF (5) 

.EO. 

NAMEBI (1) 

•  OR* 

BOUNOF (5) 

•  EO. 

NAMEBI (2) ) 

819*800 

819 

IF (BOUNOF (6) 

.£Q. 

NAMEBI  (I) 

•  OR. 

BOUNOF (6) 

•  EO. 

NAMEBI (2) ) 

820*800 

820 

IF (BOUNUF ( 7) 

.EO. 

NAMEBI (3) 

•  OR* 

BOUNOF (7) 

•  EO. 

NAMEBI (4) ) 

821*800 

821 

IF (BOUNOF (8) 

•  EO. 

NAMEBI (1) 

•  OR. 

BOUNOF (8) 

•  EO. 

NAMtBI (2) 

« 

•  OR* 

BOUNOF (8) 

•  EO* 

NAMES2 ( 1 ) ) 

822*800 

822 

CONTINUE 

COMMENT  CONTROL 

CARD 

COMMENT  SET  NUMBER  5 

(  CARDS  a 

1  ) 

REA.- (5*561)  IBHM*  ITER*  NOUMMY*  PLOT*  INTPHN*  INTVAL* 

*  LEVtLl*  LEVELS*  £HP»  CONVER*  NUMHAR*  (NhOUHA(I)* 

*  I  *  1*  8) 

NOPUNC  s  0 

INPUN  a  0 
TRY1N  a  0 
NOt  a  6 

I F (NFOUHA ( 1 )  .GT.  0)  NDE  *  8 

NPL  *  NDE  ♦  I 

NFh  a  FLOAT (NFOURA(l) ) 

IFUHS(ERP)  .EU.  0.0)  ERP  s  l.E  -  05 
IF(IBRM)  802*  802*  990 
990  IFllBRM  .GT.  60)  GO  TO  802 
IF (PLOT  .GT.  10)  GO  TO  803 


COMMENT  SET  NUMBER  6  (  CAROS  *  1  ) 

COMMENT  iNOlCATt  8Y  YES  OR  NO  WHETHER  ELASTIC  PARAMt l tRS  ARE  SAME 

COMMENT  FOR  tACH  PART.  IF  YtS*  ON  SAMt  CARD ♦  GIVt  VALUES.  IF  NO*  RF  AH 

COMMENT  THEM  IN  AFTtR  SET  NUMBER  9. 
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HEAD (5,563)  NtLAS*  YOUNG*  POISON 

IF  CNELAS  .EQ.  MAKKC  •OR,  NtLAS  .tU.  MARKD)  8215.  80V 
8215  CONI INUE 

COMMENT  SET  NUMBER  1  (  CAHOS  =  1  > 

COMMENT  INUICATE  BY  YES  OR  NO  WHETHER  PRESSURE  LOADING*  DENSITY  OF  MA IEH1AL* 
COMMENT  OR  DEAD  LOAD  ON  SHELL  IS  THE  SAME  FOR  EACH  HART*  IF  YES*  ON  SAME 

COMMENT  CARD*  GIVE  VALUES.  IF  NO*  READ  THEM  IN  AFTER  SET  NUMBER  10. 

R£aU (5*«>dO)  I.PRES*  PRESS*  DEnSTY*  DEAO 
IFINPRES  .EG.  MARKC  .OR.  NPRES  *E0«  MARKD)  8225*  810 
8225  CONllNUE 

COMMENT  SET  NUMdEH  8  (  CARDS  s  NUMHER  OF  PARTS  ) 

COMMENT  Type  OF  SHELL*  INITIAL  and  FINAL  COORDINATES*  NUMBER  OF  SEGMENTS* 
COMMENT  NUMmER  OF  PRINT  POINTS*  YES'OR  NO  FOR  THICKNESS  DISTHldUT ION*  IF 
COMMENT  YES*  THEN  SPECIFY  VALUE.  IF  NO*  SPECIFY  NUMBER  OF  POINTS  WHICH 
COMMENT  SPECIFIES  DISTRIBUTION. 

COMMENT  FOR  CYLINOEH  SI(L)  IS  EITHER  90.0  DEGREES  (NORMAL  OUT)  OR 
COMMENT  270.0  DEGREES  (NORMAL  IN).  SX(L)  IS  LEFT  BLANK. 

COMMENT  FOR  CONE  SUL)  IS  THE  ANGLE  (DEGREES)  WHICH  THE  NORMAL  MAKES  Wllrl 
COMMENT  THE  AXIS  OF  THE  SHELL.  SX(L)  IS  LEFT  BLANK. 

READ  (5*512)  (NAME2  (L )  »  S1(L)*  SX(L)*  IPAH(D*  INl(L)t 

*  TDIST(L)*  VN ( I »L) •  VARTIK(L) *  L  a  i*  IdRM) 

COMMENT  DETERMINE  IF  SPELLING  OF  SHELL  PARTS  IS  CORRtCT • 

DO  325  L  *  I*  IBK»1 

IF  (NAME2  (D  *EQ.  NAMES1U)  .OR. 

*  NAME2 (L)  *EQ.  NAMtSl(2)  *OH. 

*  NAME2(L)  *EU.  NAMtSl (3)  .OR. 

*  NAME2(L)  *EO»  NAMES! (4)  .OR. 

*  nam£2(D  *EQ.  nAMESI (5)  .OR. 

*  NAME2 (L)  .EG.  NAMES! (6)  .OH. 

*  NAME2(L)  .EG.  NAMES! (/)  .OR. 

*  NAME2<L>  .EQ.  NAMESI (8))  325.  801 

325  CONTINUE 

COMMENT  DETERMINE  IF  TUIST(L)  CONTAINS  CORRECT  SPELLING. 

UO  326  L  a  1*  IdKM 

IF  ( FOIST  (L )  .EO.  MAHKC  .OH.  fDISUL)  .EU.  MARKD)  326.  804 

326  CONTINUE 
PlOTPT  a  0 

DO  1234  I  a  I.  IdRM 

PLUFPT  *  PLOfPT  ♦  IPAR(I)«INT(I) 

123a  CONTINUE 

IF(PLOrPT  *GT •  380)  GO  TO  oQ5 
NPARTS  a  0 
DO  86  I  *  It  IBHM 
NPARTS  a  NPARTS  ♦  IPAR(D 
85  CONTINUE 
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1F<NPAHTS  •(if*  bO)  60  TO  rtOb 
UO  J27  L  S  1#  I«HM 
VARTIKCL)  *  1AHS(VAHTIK(U ) 

327  CONTINUE 

DO  300  L  s  It  IbRM 

IF UD1ST  (L)  .EU.  MAKNC)  GO  To  329 

IFtVAHTIKO.)  .LT.  2  .OH.  VAHT  IK  (L)  .GT.  10)  GO  TO  80 ( 

GO  TO  300 

329  IF(VARTIML)  .NE.  0)  GO  TO  6()H 
300  CONTINUE 

COMMENT  SET  ISS(L)  MATHIX.  THIS  SPECIFES  CODE  NUMhER  FOH  SMELL  TYPES. 

COMMENT  CROWN  a  1 

COMMENT  CYLINDHICAL  =  2 

COMMENT  SPHENOIDAL  a  3 

COMMENT  PARABOLOIDAL  a  4 

COMMENT  ELLIPSOIDAL  a  5 

COMMENT  CONICAL  a  b 

comment  toroidal  a  7 

COMMENT  VAHCYLINUER  a  « 

UO  ISO  L  =  It  ItiHM 
00  ISO  I  »  It  H 

IF (NAmE2(L)  .Nt.  NAMtSl ( 1 ) )  GO  TO  ISO 
ISS(L)  »  I 
150  CONTINUE 

COMMENT  DETERMINE  IF  CYLINDRICAL  SMELL  d  HAS  VARIIML)  .EQ,  0  ANO  IF 
COMMENT  VARCYL1NUEH  ShELL  h  HAS  VARIIML)  .NE.  0. 

DO  994  L  *  It  lHHM 
ISH  a  ISS(L) 

GO  TO  (994 1  99S t  994t  994t  994t  994t  994t  99b)  »  ISH 

995  IF(VAHTIML)  .Nt.  0)  GO  TO  608 
GO  TO  994 

996  IF ( V ART  IK  CL)  .to.  0)  GO  TO  607 
994  CONUNUE 


COMMENT  SET  NUMBER  9  (  CARDS  *  NUMBER  OF  PARTS  ) 

COMMENT  READ  IN  A.  tit  C 

COMMENT  FOR  CROWN  AND  SPHERE  ONLY  SPECIFY  A 

COMMENT  FOR  CYLINDER  A  IS  RADIUS t  ti  IS  LENGTH 

COMMENT  FOR  CONE  A  IS  RADIUS  A?  INITIAL*  ti  IS  SLANT  LENGTH 

comment  for  ellipse  c  .gt,  o.o  iuicates  toroidal  shell  uf  elupiical  cross 

COMMENT  SECTIUN  PROVIDED  A  .NE»  ti. 

HEAU(5t562)  (VN(2tL)t  VN(3tL)t  VN(4tL)t  L  s  1 t  ItiRM) 

COMMENT  DETERMINE  IF  SHELL  PARIS  ARE  CONTINUOUS. 
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NTIMEsQ 

L=0 

3  L*L*1 

IF(L.GT.iBRM)  GO  TO  13 
ISHalsS(L) 

ALMI  a  SI(U*RPU 
ALMF  *  SX  (L)  *RPl) 

A  a  VN(2»L) 

B  «  VN(3*L» 

GO  TO  (3*  At  5t  6.  7t  Bt  9t  4)t  ISH 
HI  «  A 
RF  *  RI 
GO  TO  10 

5  RI  *  A*SIMAIFA!) 

RF  *  A*SIN(ALFaF) 

GO  TO  10 

6  RI  «  A 

RF  *  A*TAMALFAF)/TAN<ALFAI) 

GO  TO  10 

7  DO  75  I  *  It  2 

IF l 1  .EQ.  2)  GO  TO  76 
SXN  a  SIN(ALFAI) 

GO  TO  77 

76  SXN  •  SIN(ALFAF) 

77  R  «  VN(4tl)  ♦  B«SXN/UA/B)*«2  ♦  (1*0  •  <A/BH*2)*SXN*SXN) 
IF ( I  .EQ.  2)  GO  TO  78 

RI  »  R 
GO  TO  75 

78  RF  ■  R 
75  CONTINUE 

GO  TO  10 

8  RI  ■  A 

RF  «  A  ♦  8*COS ( ALFAI ) 

GO  TO  10 

9  RI  »  A  ♦  8*S1N(ALFAI) 

RF  «  A  ♦  8*SIN(ALKAF) 

10  IF  (NTlME.EUtl)  GO  TO  11 
RI1«RI 

RF1«RF 
NTlHE.l 
GO  TO  3 

11  RI2*RI 
RF2«RF 

IF (AQS (RF 1  -  R12)  *GT •  0t0025)  GO  TO  812 
RF1-RF2 
RI1-RI2 
GO  TO  3 
13  CONtlNUE 

COMMENT  SET  NUMBER  10 

COMMENT  READ  IN  YOUNG«S  MODULUS  AND  P01SS0N*S  RATIO  ONLY  IF 
COMMENT  NOT  THE  SAME,  FOR  EACH  PART. 

iFtNELAS  .EQ.  MARKC)  GO  TO  400 

READ (5t564)  (EYM(L)t  PSR(Ut  L  •  It  IBRM) 

GO  TO  402 


C-47 


400 

401 


1)0  401  t  *  It  IBKM 
EYMIL)  *  YOUNG 
PSH(L)  a  POISON 

continue 


COMMENT  SET  NUMBER  11 

COMMENT  REAO  IN  PRESSURE  LUAOINOt  DENSITY  Oh  MAlERIALt  AND  OEAO  WEIGHT 

COMMENT  ONLY  IF  THEY  ARE  NOT  THE  SAME  FOR  EACH  PART. 


402  IF(NPRES  .EQ.  MARKC)  00  TO  402S 

READ (5tS66)  (VN(5tL)t  VN(totL)t  VN(7tL)t  L  ‘  It  1BRM) 
GO  TO  4026 

4025  DO  963  L  *  It  18HM 
VN(5,l)  *  PRESS 
VN (6»L)  *  UENSTY 
VN  (  7 1 L )  *  UtAD 
963  CONTINUE 
COMMENT  SET  NUMHEH  12 
COMMENT  REAO  IN  VaHIABLE  TH ICKNtSSES 


4026  00  403  L  »  It  IdHM 

IF(VAHTIML)  .Ed.  0)  GO  TO  403 
NPNT  b  VARTIK (L) 

REAU(5t565)  (XP ( 1 t L) t  I  a  It  NPNT) 
REAU(5tS65)  (YP(ItL)t  l  a  1.  NPNT) 

403  CONTINUE 

IFUSSUBHM)  ,GT.  1)  GO  TO  86 
NTRY  b  NPARTS  ♦  1 
NERHOR  a  NPAR1 S  -  1 
GO  TO  87 

86  NTRY  s  NPARTS 

NERHOR  b  NPARTS 
COMMENT  SET  NUMBER  13 

87  IF (PLOT  .EQ.  0)  GO  TO  1238 

READ (5t525)  (IPLOT(I)t  I  a  1*  PLOT) 
REAU(5t526)  (JOBPLT(I)t  1  a  1,  PLOT) 
1238  CONTINUE 

I A  ( 1 )  a  1 
l  A  (2)  b  3 
I A  (3)  a  6 
I A  (4)  =  f 
IB  (5)  a  1 
IB  16)  a  3 
18(7)  b  5 
IB (8)  b  7 

IF(BOUNOI(1)  .N£.  NAMEbKl))  IA<1)  b  2 

IF  (BOUNDl  (2)  .NE.  NAMEBKD)  I A  (2 )  b  4 

IF  (80UN0I (3)  .NE.  NAMEB1 (3) )  IA(3)  *  6 

IF  (BOUNOl  (4)  .NE.  NAMEBKD)  lA(4)  a  8 

IF (80UNDF (5)  .NE.  NAMEBIll))  IB(5)  ■  2 

IF  (BOUNOF  (6)  .N£.  NAMEBKl))  IB(6)  *  4 

IF  (BOUNOF  (7)  .NE.  NAMEBK3))  IB < 7 >  *  6 

IF  (BOUNOF  (8)  .NE.  NAMEBKD)  IB  (8)  a  8 

WRITE (6*603) 

WRITE (6.504) 
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WRi TE (6*505) 

IF ( 1 A ( 1 )  .EQ. 

1  .AND 

.  18(5) 

•  EQ. 

1) 

GO 

TO 

121 

IFUAU)  .EQ. 

1  .AND 

•  IB<5) 

•  EQ. 

2) 

GO 

TO 

122 

IF ( I A ( I )  .EQ. 

2  .AND 

.  18(5) 

•  EQ. 

1) 

GO 

TO 

123 

IFUAU)  .EQ. 

2  •  AND 

•  18(5) 

•  EQ. 

2) 

GO 

TO 

124 

l-'l 

WRl f£(6*551) 

GO  TO  125 

GA(1) 

•  GB (5) 

122 

WRITE (6*552) 

GO  TO  125 

GA  ( 1 ) 

*  GB (5) 

123 

WRITE (6*553) 

GO  TO  125 

GA(1) 

*  68(5) 

124 

WRITE (6*554) 

GA  ( 1 ) 

*  GB (5) 

125 

IF ( 1 A (2)  .EQ. 

3  .ANU 

•  18(6) 

•  EQ. 

3) 

GO 

TO 

126 

IF ( I A (2)  .EQ. 

3  .AND 

•  IB (6) 

•  EQ. 

4) 

GO 

TO 

127 

IF ( I A (2 )  .EQ. 

4  .ANU 

•  18(6) 

•  EQ. 

3) 

GO 

TO 

128 

IF  ( IA (2)  .EQ. 

4  .ANU 

•  IB (6) 

.EQ. 

4) 

GO 

TO 

129 

126 

WRITE (6*551) 

GO  TO  130 

GA  (2) 

*  68(6) 

127 

WRl TE (6*552) 

GO  TO  130 

GA  (2) 

«  GB (6) 

128 

WRl TE (6*553) 

GO  TO  130 

GA  (2) 

t  GB (6) 

129 

WHITE (6*554) 

G*(2) 

«  GB (6) 

130 

IF UA (3)  .EQ. 

5  .  AnU 

.  18(7) 

•  EQ. 

5) 

GO 

TO 

131 

IF (IA (3)  .EQ. 

5  .ANU 

.  18(7) 

•  EQ. 

6) 

GO 

TO 

132 

IF (IA(3)  .EQ. 

6  .AND 

•  18(7) 

•  EQ* 

5) 

GO 

TO 

133 

IF ( IA (3)  .EQ. 

6  .ANU 

.  18(7) 

•  EQ* 

6) 

GO 

TO 

134 

131 

WHITE(6«555) 

GO  TO  135 

GA(3> 

»  GB (7) 

132 

WRITE (6*556) 

GO  TO  135 

GA  (3) 

*  G8 ( 7) 

133 

WRITE (6*557) 

GO  TO  135 

GA  ( 3) 

*  GB (7) 

134 

WRl TE (6*558) 

GA(3) 

»  GB (7) 

135 

IF (NDE  .EQ.  6) 

GO  TO  140 

IF  ( 1 A (4)  .EQ. 

7  .AMU 

.  IB (8) 

•  EQ* 

7) 

GO 

TO 

136 

IF(IAU)  .EQ. 

7  .ANU 

.  18(8) 

•  EQ* 

8) 

GO 

TO 

13/ 

IF ( I A (4)  .EQ. 

8  .ANU 

.  18(8) 

•  EQ* 

7) 

GO 

TO 

138 

IFUAU)  .EQ. 

8  .ANU 

•  18(8) 

•  EQ* 

8) 

GO 

TO 

139 

136 

WRITE (6*551) 

GO  TO  140 

GA(4) * 

GB  (8) 

137 

WRITE (6*552) 

GO  TO  140 

GA (4)  ♦ 

G8  (8) 

138 

WRl TE (6*553) 

GO  TO  140 

GA (4) * 

G  8(8) 

139 

WRITE (6*554) 

GA(4) * 

GB  (8) 

140 

WRIT  E (6*559) 

AUXL. 

ALXR 

IF(NOE  ,EQ.  8) 

GO  TO  100 

IB (4 )  *  IB (5) 
TB (5)  *  18(6) 
IB (6)  *  1B(7) 
68(4)  s  GB (5) 
GB (5)  a  GB (6) 
GB  (6)  a  G8(n 

100 

NH  *  NUE/2 

COMMtN  T  THIS  LOOP  St  I  S  UP  IAU)»  X  A  (S)  t  IA(6)  FOH  NOE  * 


6  AND 
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COMMENT  I A (5) »  I A (to) *  IA<7).  I A (»)  FOR  NOE  *  8. 

M  *  NH  ♦  1 

l  *  1 

DO  104  IK  *  M.  NOE 
DO  102  N  *  L«  NOE 
DO  101  J  a  1*  NH 
IF (1A(J)  .EQ.  N)  GO  TO  102 

101  CONTINUE 
GO  TO  103 

102  CONTINUE 

103  L  ®  N  ♦  1 
I A ( IK)  a  N 

104  CONTINUE 

COMMENT  THIS  LOOP  SETS  UP  lB(4)t  IB(5)»  18(6)  FOR  NOE  *  6  AND 
COMMENT  IR(5>*  IB(6)»  18(7).  16(8)  FOR  NOE  a  8. 

L  *  1 

DO  108  IK  *  It  NH 
DO  106  N  a  L»  NQE 
DO  105  J  *  Mt  NOE 
IF  ( 18 ( J)  .EQt  N)  GO  TO  106 

105  CONTINUE 
GO  TO  107 

106  CONTINUE 

107  L  *  N  ♦  1 
10 ( IK)  a  N 

108  CONTINUE 

COMMENT  IF  ELASTIC  PARAMETERS  ARE  SAME  FOR  EACH  PART t  THEN  WRITE  THEM  RIGHT 

COMMENT  UNDER  BOUNDARY  DATA.  IF  THEY  ARE  NOT  THE  SAME  FOR  EACH  PAR  I  * 

COMMENT  THEN  SKIP  TO  Nr  XT  PAGE~»  WRITE  GEOMETRY  t  SKIP  PAGE*  WRITE  ' 

COMMENT  ELASTIC  PARAMETERS!  SKIP  PAGE*  WRITE  VARIABLE  THICKNESSES# 

IF(NELAS  .EG.  MAHKD)  GO  TO  475 
WRITE (6.575)  YOUNG t  POISON 

475  IF (NPRES  .EG.  MARku)  GO  TO  4755 
wRl TE (tot682)  PRESSt  DEnSTY*  DEAD 

4755  DO  4  78  II  «  It  2 

IF (I  I  .EG.  1)  GO  TO  476 
IFU0RM  .LT.  41)  GO  TO  479 

476  NT1ME  a  2 
GO  TO  350 

360  WRITE (6.513) 

WRITE (6.514) 

GO  TO  (3605.  3606) .  II 

3605  IM1N  x  1 
IMAX  a  IBRM 

IF ( 1BRM  .GT.  40)  IMAX  a  40 
GO  TO  360  J 

3606  IMIN  a  41 
IMAX  a  IBRM 

3607  DO  385  L  a  IMIN.  IMAX 
ISH  a  ISS(L) 

GO  10  (881.  662t  881.  883.  804.  882.  883.  882).  ISH 
881  IF ( VARTIK (L)  ,EQ.  0)  GO  TO  8815 

WRl TE (6.7  76)  L*  NAMESKISH)#  NAMES2USH).  IPAR(L).  Si(L>.  SX(L)i 
*  UNITD(l).  UNI TU (2) »  VN(2.L)»  MAHKN 

GO  TO  385 

8815  WRITE (6.  Iff)  L »  NAMtSKISH)*  NAMES2  ( ISH)  .  IPAR(L).  SI(L)»  SX(L)» 
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GO  TO  38b 

882  IF(VARTIML) 
WHITE (6*778) 

« 

GO  TO  385 
8825  WRITE (6*7  79) 

« 

GO  TO  385 

883  IF  t  V  ART  I K (L) 
WRlTE(6*7dO) 

« 

GO  TO  385 
8835  WRIT£(6«781) 

« 

GO  TO  385 

884  IF(VAHTIML) 
WHITE (b*782) 

« 

« 

GO  TO  385 
8845  WRl TE (6*783) 


385  CONTINUE 

478  CONTINUE 

479  IF(NELAS  .EU.  MAHKC)  GO  TO  480 
00  48?  II  *  1.  2 

IF(II  .EU.  1)  GO  TO  483 
IF ( 1HRM  *LT.  41)  GO  TO  480 
483  NTIME  a  3 
60  TO  350 
365  WRITE (6*508) 

WRITE (6.57  7) 

GO  TO  (3608*  3609),  U 

3608  I M IN  s  1 
1MAX  s  I8HM 

IF ( 18RM  *6T •  40)  IMAX  a  40 
GO  TO  3610 

3609  IMIN  s  41 
IMAX  a  I8HM 

3610  00  386  L  *  IMIN*  IMAX 
ISH  a  ISS(L) 

WHlTE(6,5/6)  L,  NAMESKISH),  NAMES2(ISH),  tVM(L),  HSH(L) 

386  CONTINUE 
482  CONIINUE 

480  IF(NPHES  *EO,  MAHKC)  GO  TO  4805 
00  1782  II  a  1*  2 

IF ( 1 1  ,EU.  1)  GO  TO  1783 
IF ( IHHM  *LT.  41)  GO  TO  4805 
1783  NTIME  a  4 
GO  TO  350 

370  WRITE (6*683) 

WHITE (6,684) 

GO  TO  (7830*  7831),  II 
7830  IMIN  a  1 


UNI  TO ( 1 ) »  UNI  10(2) »  VN(2*L) •  MAHKY ,  VN(1*L) 


•EU*  0)  GO  TO  8825 
L»  NAMESKISH)*  NAMES2USH) 
UNITO(l),  UNITU(2)t  VN(2*L) 

L*  NAMESl(ISH)*  NAMES2(ISH) 
UNITD(l),  UN1T0(2),  VN(2»L) 

•EU.  0)  GO  TO  8835 
L»  NAMESKISH)*  NAMES2USH) 
UNITO(l),  UNI  TO (2) »  VN(2*L) 

L*  NAMESKISH)*  NAMES?  ( ISH) 
UNITOID*  UNI  TO  (2)  *  VN(2*L) 

•EQ.  0)  GO  TO  8845 
L*  NAMESKISH)*  NAMES2USH) 
UNI TO(l) *  UNI  TO (2 ) *  VN (2»L) 
MAHKN 

L*  NAMESKISH)*  NAMES2(ISH) 
UNITU(l),  UN1TO (2) ♦  VN (2*L) 
MAHKY*  VN(L*1) 


IHAR(L), 

SI (L) * 

VN (3*L) * 

MAHKN 

IPAR(L) ♦ 

SUL)* 

VN (3»U) » 

MAHKY* 

VN(1*L) 

IRAH(L), 

SUL)  • 

SX(L)  * 

VN(3»L), 

MAHKN 

IPAH(L) * 

SUL)* 

SX  (L) t 

VN(3*L) ♦ 

MAHKY* 

VN ( 1 *L) 

IKAH(L) * 

Sl(L) « 

SX (L) * 

VN (3*L) * 

VN (4*L) 

* 

1PAH(L)* 

SI(L)* 

SX (L) * 

VN (3»L) * 

VN (4*L) 

* 
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IMAX  s  I8HM 

IF l 18RM  .GT.  40)  IMAX  a  40 
GO  TO  7832 

7831  IMIN  s  41 
IMAX  s  I8HM 

7832  DO  786  L  a  IMIN,  IMAX 
ISH  *  ISS(L) 

WRl T£ (6,685)  L,  NAMESl(ISH),  NAMES?(ISH),  (VN(ItL)t  I  ■  5*  7) 

786  CONTINUE 
1782  CONTINUE 

COMMENT  PUT  YPll*L>  IN  VN(1,L) 

4805  DO  *50  l  *  It  IBHM 

IF(VARTIML)  ,EQ.  0)  GO  (O  950 
VN(1,U  *  YP ( 1 »L) 

950  CONTINUE 

COMMENT  NVARC  «  INDICATES  NO  VARIABLE  THICKNESS 
NVAHC  «  0 

DO  974  L  «  It  IBRm 
NVAHC  x  NVAHC  ♦  VAHIlK(L) 

974  CONTINUE 

IF (NVARC  .EG).  0)  GO  TO  978 

COMMENT  WRITE  OUT  VAHlAdLt  THICKNESS  DATA 

NTIME  *  5 
GO  fO  350 
375  WHITE (6,666) 

DO  *75  L  *  It  IRHM 
NPNT  8  VAHTIK(L) 

IF(NPNT  .60.  0)  GO  TO  975 
WRl TE (6,687)  L 

WRl T£ (6,688)  (XP  ( I ,L) ,  I  *  1,  NPNT) 

WHITE (6,689)  (YP(I.L),  I  a  1,  NPNT) 

WRITE (6,690) 

975  CONTINUE 

COMMENT  FOLLOWING  REPLACEMENTS  MUST  BE  MADE  TO  MAKE  ARRAYS  COMPATIBLE 
COMMENT  FUR  USE  IN  GOMTRY 

978  DO  955  L  «  It  I6RM 
ISH  8  ISS(L) 

GO  TO  (955,  953t  955t  955,  955t  954,  955t  953),  ISH 

953  SX(L)  *  VN(3,L> 

VN(3,L)  8  SKL) 

SI (L )  a  0.0 

GO  TO  955 

954  SX(L)  a  VN(3tL» 

VN(3,L>  «  VN(2,L) 

VN(2,L)  8  SKL) 

SKL)  a  0.0 

955  CONTINUE 
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comme:  f  change  xp<i.l)  to  raoians  and  adjust  if  final  coordinate  is 

COMMENT  LtSS  THAN  INITIAL  COORDINATE 

DO  404  L  *  1*  IdRM 

IF ( VARTIK (L)  •£«*  0)  00  TO  404 

NPNT  a  VARIIML) 

ISH  a  I  Sis  l L  > 

60  TO  (404  ♦  404 *  2505.  2505.  2505.  404»  2505.  404) »  ISrt 
2505  IF (XP (NPK  T  »L)  .Of.  AP(l.L))  00  TO  2605 
DO  255  I  »  1*  NPNT 
XP(i.L)  »  160.0  -  XP(I.L) 

255  CONTINUE 

2605  DO  265  I  a  If  NPNT 

XP(IfL)  »  XP(IfL>*HPU 
265  CONTINUE 
404  CONTINUE 

DO  40b  L  •  It  I6RM 
IF(VAHTIK(L)  .EQ.  0)  GO  TO  405 
NPNT  a  VAR  T IK  (L) 

DO  384  I  a  2»  NPNT 

SL  ( I  -  1»U  *  (YP(I.L)  -  YP  ( 1  -  ItL))/ 

#  (XP(I.L)  -  XP(I  -  1 «L) ) 

YP ( I  -  ItL)  ■  YPll  -  ItL)  -  SL ( I  -  l *L > *XP ( 1  -  i»L> 


384 

CONTINUE 

405 

CONTINUE 

RETURN 

800 

WWl TE (6.6)0) 
60  TO  *960 

801 

WRITE (6. 671) 
60  TO  9980 

L 

802 

WRITE (6.666) 
60  10  9980 

803 

WRITE (6.664) 
60  TO  9960 

PLOT 

804 

WRITE (6.672) 
60  TO  9980 

L 

805 

wRl TE (6.663) 
60  TO  9980 

PLOTPT 

806 

WRl TE (6.665) 
60  TO  9980 

NPARTS 

807 

WRl TE (6.673) 
60  TO  9960 

L.  VAHIIK(L) 

808 

WRl TE (6*674) 
60  TO  9960 

L.  VAHflML) 

809 

WRl TE (6.675) 
60  TO  9960 

810 

WRITE (6.6/6) 
60  TO  9960 

811 

WRITE (6. 6f  O 

60  TO  9960 


812  wRl TE  <6.691 )  L 
9980  WRITE (6.669) 

60  TO  998 
500  FORMAT (20A4) 

534  FOHMATUHl.  ////////////// //54X i  27HBAT  TELLt  MEMORIAL  INSTITUTE) 

535  FORMAT (//60X.  14HCQLUMBUS.  OHIO) 
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536  FORMAT (//  47Xt  40H$  THESS  ANALYSIS  OF  A  SHELL  OF  KEVULU I  ION) 

537  FOHMAT (//  SOXt  33HAUVANCEO  SOLIO  MECHANICS  UIVISION) 

539  FOHMAT (//  SOXt  33HMECHANICAL  ENGINEERING  DEPARTMENT) 

501  FOHMAT  < 1 H 1  *  2QA4/(lH0t  20A4)) 

530  FOHMAT ( A6t  6X»  F8.2t  A6t  6Xt  F8.2t  A6t  6X»  F8.2t  A6t  6Xt  F8.2) 

565  FOHMAT (8F 10.5) 

561  FOHMAT (815*  2£ 1 0 . 3 1  1012) 

563  FOHMAT (2X»  A2t  4X.  £11. 4»  4Xt  F6.4) 

680  FOHMAT (2Xt  A2t  4*t  3F14.5) 

512  FOHMAT  (4Xt  A6»  6X.  FU.5t  F12.bf  2Ibt  2Xt  A2t  IXt  FlO.bt  15) 

562  FOHMAT <3Xt  3F12.S) 

564  FOHMAT (8X.  £11.4*  4X»  F6.4) 

566  FOHMAT (5X,  3F15.5) 

525  FOHMAT ( 1015) 

526  FOHMAT (10A8) 

503  FOHMAT (  /////  49Xt  36H*  »  *  PRINTOUT  OF  INPUT  DATA  *  *  *////  ) 

504  FORMAT  UHOt  b 7Xt  19H*  BOUNDARY  DATA  *  ///  ) 

505  FOHMAM1H  t  34Xt  12HINITIAL  EDGEt  36Xt  1 0HF1NAL  tUGEt  /  ) 

551  FORMAT <1H  t  27X*  15HUlSPLACtM£NT  «  FlO.bt 

*  20Xt  15HUISPLAC£MENT  ■  F10.5) 

552  FOHMAT ( 1H  t  2  7Xt  ISHOISPLACfcMENT  •  FlO.bt 

*  20X»  15H  FORCE  ■  F 10.5) 

553  FOHMAT t 1H  ♦  27  Xt  15H  FORCE  s  FlO.bt 

*  20X i  15H01SPLACEMENT  •  FlO.b) 

554  FOHMATUH  t  27X.  15H  FORCE  *  FlO.bt 

*  20X.  lbH  FORCE  *  F10.S) 

555  FOHMAT (1H  t  27Xt  15H  SLOPE  *  FlO.bt 

*  20X t  15H  SLOPE  •  FlO.b) 

556  FOHMATUH  »  27Xt  15H  SLOPt  «  FlO.bt 

*  20Xt  15H  MOMENT  »  FlO.b) 

557  FOHMATUH  t  27Xt  1SH  MOMENT  «  FlO.bt 

*  20Xt  15H  ROTATION  «  FlO.b) 

558  FOHMATUH  t  27X.  15H  MOMENT  »  FlO.bt 

<♦  20Xt  lbH  MOMENT  «  FlO.b) 

559  FORMAT (lHOt  25Xt  1 7HUOUNOAHY  ANGLE  ■  F10.5t 

*  18X.  17H80UN0AHY  ANGLE  ■  FlO.b) 

575  FORMAT UHOt  ///  24Xt  42HELAST IC  PARAMETERS  AH£  THE  SAMfc  FOR  EVERY 

*  36HPART  IN  THIS  SHELL.  THEIR  VALUES  AHE  t  / 

«  1H  t  J6X.  16HY0UNGS  MODULUS  »  £12. bt 

«  IXt  22HP0UNDS  PER  SQUARE  INCHt  / 

*  1H  t  38X t  16HP0 ISSONS  RATIO  *  F8.5) 

682  FORMAT UHOt  ///  24Xt  42HL0ADING  PARAMETERS  ARE  TmE  SAME  FOR  EVERY 

*  t  36HPART  IN  THIS  SHELL.  Th£1H  VALUES  AHE  t  / 

«  1H  t  38X,  11HPHESSUHE  «  Fll.St 

*  IXt  22HPOUNDS  PEH  SQUARE  INCH.  / 

*  1H  t  38 X t  25HUNIT  WEIGHT  OF  MATERIAL  «  Fll.bt 

IXt  21HPOUNOS  PEH  CUBIC  INCH  / 

1H  t  38X t  13HOEAD  WEIGHT  s  Fll.bt 

IXt  22HP0UN0S  PEH  SQUARE  INCH) 

Si.j  F  OHMAT  ( ////  62Xt  14H*  GEOMETRY  *  //t 

*  1H  t  2bX t  6HN0.  OFtlOX,  21HC  0  0  H  0  I  N  A  T  E  St  <*hXt 

*  1 7HTH!C*NESSt  INCHES) 

514  FOHMATUH  t  bXt 

*  4HPAH  T  t  6Xt  4HTYPKt  bXt  8HSE6MEN 1  St  4*t  ThINIUAL.  bXt 

<*  bHF'INALt  <*X  t  1  OHO  I  MENS  IONS  t  3Xt  8H4t  iNCHtS*  t)At 

»  WHrttlNCHtSt  bXt  BHCtlNOHESt  4Xt  17hCOnSTan)  VALUE) 
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776 

FOHMATUH 

* 

IB* 

3X » 

2A6* 

15* 

4X* 

2F12.b* 

2X« 

A6* 

AI* 

Fli.b* 

« 

32X* 

A3 

) 

777 

FOHMATUH 

* 

16* 

3X, 

2A6* 

15* 

4X» 

2F12.b* 

2X» 

A6* 

Al* 

F 1 j.b* 

» 

32X. 

A3* 

FIJ 

.5  ) 

778 

FOHMATUH 

9 

16* 

3X* 

2a6« 

15* 

4X* 

F12.5* 14X* 

A6t 

A 1 » 

2F I3«b* 

* 

19X  * 

A3 

) 

779 

FOHMATUH 

* 

18* 

Jx* 

2A6* 

15* 

4X* 

F 12.5* 

14X* 

A6* 

Al* 

2F  l  J.b* 

« 

19X* 

A3* 

F13 

.5  ) 

780 

FOHMATUH 

* 

18* 

3X* 

2A6* 

IS* 

4X  » 

2F12.5* 

2X* 

A6* 

Al* 

2F13.S* 

« 

19X* 

A3 

) 

781 

FOHMATUH 

* 

18* 

3X» 

2A6* 

15* 

4X» 

2F 12.b» 

2X» 

A6« 

Al* 

2F13.S* 

« 

19X* 

A3* 

F 13 

.5  ) 

782 

FOHMATUH 

♦ 

18* 

3X« 

2A6* 

lb* 

4X* 

2F12.5* 

2X* 

A6» 

Al* 

2F13.5* 

« 

F  13 

•  b» 

6X* 

A3 

) 

783 

FOHMATUH 

* 

IB* 

3X* 

2A6* 

15* 

4X» 

2F12.5* 

2X» 

A6* 

Al* 

2F  1 3  •  b  • 

« 

F  13 

•  b» 

6X » 

A3* 

F 13 

.5  ) 

508  FOHMAf (////♦  b9X*  16H*  PROPERTIES  *  ///» 

*  1H  t  44X*  4  JHE  a  YOUNGS  MODULUS  (POUNDS  FtR  SQUARE  INCH)*  / 

*  1H  »  44X*  19HNU  a  POISSONS  RATIO  /  ) 

577  FORMAT  (1H  ♦  44Xt  4HPAHT »  6X*  4HTYPE*  13X»  lHE*  12X*  2hNU) 

578  FOHMATUH  «  4SXt  12*  3X*  2A6*  3X»  E12.5*  3X*  F8.b) 

683  FORMAT (////  ♦  57X*  16H*  LOADINGS  *///* 

*  1H  *  46X *  39HP  a  PRESSURE  (POUNDS  PER  SUUAHt  INCH)  */ 

«  1H  t  46X*  39H*  a  UNIT  WEIGHT  (POUNDS  PER  CUBIC  INCH)  * / 

*  1H  i  46X t  40HU  a  DEAD  WEIGHT  (POUNDS  PER  SQUARE  INCH)  ) 

684  FORMAT ( 1H0*  34X»  4HPAHT*  6X*  4HTYPE*  13X*  1H*,  I3X»'lHW*  13X*  1HD) 

685  FORMAT ( 1H  t  35X.  12*  JX*  2A6*  3FI4.5) 

686  FORMAT (////»  5QX*  22H#  VARIABLE  THICKNESS  *  ///) 

687  FORMAT ( 1H  *  4HPaRT  13) 

688  FORMAT ( IH  *  lOHCOOHUlNATE  10F12.5) 

689  FOHMATUH  *  lOHTHICKiMtSS  10F12.5) 

690  FOHMATUH  ) 

670  FORMAT UHOf  39HSPELLING  ON  BOUNDARY  CARD  IS  INCORRECT* ) 

671  FORMATUHO*  17HSPELLING  OF  PART  12*  14M  IS  1NCORHEC f • ) 

666  FORMAT UHO*  50HNUMBEH  OF  PARTS  IS  EITHER  ZERO  OR  GRtATER  THAN  60.) 

664  FORMAT UHO*  30HNUMBEH  OF  PLOTS  REQUESTED  WAS  14* 

*  26H,  ONLY  10  CAN  BE  OBTAINED.) 

672  FORMATUHO*  44HSPELLING  OF  YES  OR  NO  IS  INCORRECT  FOR  PART  12*lH.) 
663  FORMATUHO*  37HNUM8ER  OF  PRINT  POINTS  REQUESTED  WAS  15* 

*  34H.  ONLY  380  PUINTS  CAN  HE  OBTAINED.) 

665  FORMATUHO*  22HNUMBEH  OF  SEGMENTS  IS  13* 

*  35H,  ONLY  60  SEGMENTS  CAN  BE  ANALYZED.) 

673  FORMATUHO*  5HPAWT  12*  24H  HAS  VARIABLE  THICKNESS. 

*  29HNUMBER  OF  POINTS  READ  IN  WAS  13* 

*  48H.  THIS  CANNOT  BE  LESS  THAN  2  OR  GREATER  THAN  10.) 

674  FORMATUHO*  5HPART  12*  24H'HAS  CONSTANT  THICKNESS. 

*  29HNUMBEH  OF  POINTS  HEAD  IN  WAS  13* 

*  ivh.  this  should  he  o.) 

675  FORMATUHO*  45HSPELL ING  INCORRECT  ON  ELASTIC  PAHAMEItR  CARO.) 

676  FORMATUHO*  44HSPELLING  INCORRECT  ON  DISTRIBUTED  LOAD  CARD.) 

677  FORMATUHO*  34HSPELL ING  INCORRECT  ON  CONTROL  CARD.) 

691  FORMATUHO*  35HTwO  SHELL  PARTS  ARE  NOT  CONTINUOUS, 

S  47H  CHECK  INITIAL  AND  FINAL  COORDINATES  AND  RAOU 

S  9HFUR  PART  12*  19H  AND  PREVIOUS  PART.) 

669  FORMATUHO*  33HPROCESSING  UF  INPUT  DATA  STOPPEO.) 

998  CALL  EXIT 


End 
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o  o  o 


4210 


SUUHOUTINE  INTEG 


DIMENSION 

OY  (H) 

*  Y(8) 

♦  1  MY (B*6i ) 

« 

EMM (8) 

»  SOUT (2 4b) 

♦  P (5*2  45) 

« 

PHNf (8) 

*  0(8*9*60) 

,  SLOPE (5*2 45) 

« 

DM (8*61 ) 

*  64 (8) 

*  GB (8) 

« 

ISS (60) 

«  E (9*60) 

*  OYAM ( 42) 

« 

YAM(72) 

t  ABC (21 ) 

*  EAM(IO) 

» 

rtAM(H) 

♦  XSAVE (3) 

«  YSAVE (8*3) 

« 

FSAVt (8) 

»  XPLOT (350) 

♦  YPLOT (350* 10) 

« 

STHOUT (350) 

*  SIGNPH (3b0) 

♦  SIGMPh(35Q) 

« 

SIGPHT (350) 

»  SIGPHB (350) 

♦  5IGNTH (350) 

« 

SIGMTH (350) 

»  SIGTHT ( 350) 

♦  SIG  T  HB ( 350) 

« 

TAUPHl (350) 

*  IPLOHIO) 

*  A (8*9) 

COMMON  /  HLOCKA  / 


1 


COMMON 

COMMON 

COMMON 

» 

COMMON 

COMMON 

COMMON 

COMMON 

COMMON 


HLOCKB 

BLOCKC 

BLOCkF 

HLOCKH 
BLOCK J 
BLOCKK 
BLOCKL 

ULOCKW 


NUt  PI#  XLD*  NTYPE*  INDEX*  IBM*  PN»  NPOINT * 

ISrt*  TT »  Tl*  T2*  HTT*  INTC 

H*  HI*  H2t  R3*  SXN*  CXS 

DM*  GAt  OB*  NF*  NFP*  NPL*  NH*  NN»  1HY 

NFF.  SMXX*  SZERO*  GO*  LHP*  ISS*  t»  * 


1 


COMMON 

equivalence 


1 


MAX*  intpmn*  intval*  npp 

NUE 

UtLX »  PDELX*  ABC*  EAM 
PIN*  PMIN*  HO*  XO*  EMIN*  tMAX 
YAM*  OYAM 

PLOT.  PLflME*  SPLOT*  PLOTPT.  1PLOT*  YMOO*  KST* 
HGAMMA*  dead*  nfh 
SLOPE*  P*  SOUT*  D*  A 

(YU).  PHNTU))*  (Y(i).  YAM  (2)  )  *  (OY(l)*  OYAM  (2)  )  * 
<S.  YAM  ( 1 )  ) 


equivalence 

(SLOPE  ( l) 

t 

YPLOT (1)  )* 

« 

(0(446) 

« 

XPLOT (1)  )t 

« 

(0(826) 

* 

STROUT(l)  )t 

« 

(U(il 46) 

* 

SIGNPH(I)  )» 

« 

(0(1526) 

t 

SiGMPH(l)  )* 

* 

(0(1846) 

t 

SIGPHT (1)  )♦ 

« 

(0(2226) 

t 

SIGPHB ( 1 )  )» 

« 

(0(2546) 

» 

SIGNTH(I)  )♦ 

« 

(0(2926) 

t 

SIGmTH(I)  )* 

« 

(0(3246) 

t 

SIGTHT ( l)  )♦ 

« 

(0(3626) 

» 

SIGTHB(I)  )♦ 

« 

(0(3946) 

« 

TAUPHl ( 1 )  ) 

INTE6EH  60* 

pass*  extra. 

aomsct*  final 

REAL 

NU*  NT*  MT 

* 

nback*  nfh 

PIN  a  4.0 
PMIN  s  8,0 
DO  4330  L  *  1*  NFF 
IFUNTPRN  ,EU.  0)  60  TO  4210 
WRl T£ (6*69  4)  L*  iHR 


NF 

00 


»  NF 
A320 


♦  1 
JJ  * 


1*  NPL 


FINAL  ■  0  IF  OUTPUT  FWOM  AUMInT  IS  AN  AUAMS  MOULTON  POINT  AT 
SFINAL. 

FINAL  *  I  IF  OUTPUT  FROM  AUMInT  IS  A  RUNGt  ivUTTa  POINT  AT  SF INAL. 
FINAL  a  0 
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NOSAVE  s  0 
UO  4310  I  *  1*  NUt 

y i x  >  =  o.o 

♦310  CONTINUE 

SPINAL  *  SlEHO  ♦  SMXX 

C  IN1C  COUNTS  NUMBER  OP  TIMES  OIFFEQ  IS  CALLtU. 

InTC  a  0 

C  AOMSCT  COUNTS  NUMBER  OF  TIMES  AOMiNT  IS  CALLEU. 

ADMSCT  *  0 

IP  (PN  ,NE.  0.0  .OP,  HGAMMA  .N£.  0*0  .OR.  UEAO  .Nfc.  0.0)  00  TO  4200 
IF (NTYPE  .tU.  1  .ANU.  JJ  *EU.  1)  00  TO  7Y7 

♦200  IF  C  JJ  «6T.  1)  GO  TO  4S26 
00  4390  I  «  It  NOE 
Y(I)  ■  TRY ( I *NF ) 

♦390  CONTINUE 

C  NOSAVE  «  0  IF  NTYPE  ■  1  (LINEAR  ANALYSIS)  OH  IP  JJ  IS  UREA  I  EH 

c  than  i  (complementary  solutions  being  obtaineu).  otherwise 

C  NOSAVE  ■  I. 


NOSAVE  ■  l 
GO  TO  AS 21 

♦526  Y ( JJ  -  1)  ■  1.0 
NOSAVE  a  0 

♦527  IF (NTYPE  .NE.  1)  GO  TO  4531 
NOSAVE  ■  0 

IF (L  ,GT.  1)  GO  TO  1310 
IP ( JJ  .GT.  1)  GO  TO  4530 
XLU  ■  1.0 
ERROR  a  ERP 
GO  TO  1300 
♦530  XLU  a  0.0 

EHROH  a  ERP 
GO  TO  1300 

1310  IF ( JJ  «GT.  1)  GO  TO  1315 
XLU  «  1.0 

ERROR  a  ttJJfNP  -  1)*ERP 
GO  TO  1308 
1315  XLU  a  0.0 

ERROR  a  E(JJ»NP  -  1 )*tRP 
GO  10  1308 

♦531  IP(JJ  .GT.  1)  GO  TO  4533 
NTYPE  a  2 
S  «  S2ER0 
CALL  GOMTRY 


C 

C 

C 

C 

C 


P(l.NPR) 
P (2»NPR) 
P ( 3»NPR) 
P  ( ♦  t  Nf’W ) 
P (StNPH) 


s  U  PHI 
a  N  PHI 
a  BETA  PHI 
a  BETA  PHI  COMMA  S 
a  N  THETA 
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Pti.l)  =  Y(2> 

P{2»1)  a  Y  1 4 ) 

p(j»i>  a  y (b) 

P(4»l)  =  T2#Y  (6)  -  NU*R2*CXS*Y(b) 

P  ( b  *  I )  a  NU*Y<4)  ♦  H*(R2*CXS*Y(J)  ♦  R2*SX(V*  Y  (  i)  )  *YMUO 
sour ( i >  *  s 
ERROR  a  E(JJ,NF)*ERP 
00  10  1 3 0  fj 
4533  NTYPE  s  3 

ERROR  s  t(JJ,NF)*EHP 
1308  fcMAX  a  ERROR 

EM IN  a  ERROH«0.01 
IF ( INTPRN  *EU.  0)  00  FO  4220 
DO  1102  1  «  It  NOE 
ERR ( I )  a  ERROR 
1102  CONTINUE 

WRITE (6*696)  (ERR ( I ) t  1  *  If  NOE) 

WRlT£(6.b/5)  S2EHO.  (Y(I),  1  a  1,  NOE) 

4220  HO  *  SMXX 
XO  *  SZEWO 
CALL  AUMRES 
NPH  a  0 
PASS  a  0 

Extra  a  o 

80  AOMSCT  a  AUMSCT  ♦  l 
CALL  AOM1NT 

I F  (NOSA Vt  .t(J.  0)  GO  TO  138 

C  THt  SOUT(I)  AND  PUiNPR),  J  «  1i  5  HAVE  ThE  INDEPENDENT  VARIABLE 

C  AMO  THE  CORRESPONDING  PARAMETERS  WHICH  ARE  USED  IN  I  HE  AUXILIARY 

C  EQNS  (TYPE  3)  FOR  THE  NONLINEAR  ANALYSIS* 

IF  (EAm ( J)  .ECl,  0.0)  GO  TO  375 
EXTRA  a  1 

IF (PASS  *EO.  3)  GO  TO  310 
PASS  a  PASS  ♦  1 
GO  10  31b 
310  PASS  a  1 

315  DO  350  I  *  1*  NOE 

YSAVE(I.PASS)  a  Y  ( l , 

350  CONTINUE 

XSAVE(PaSS)  *  s 
60  To  80 

i  7b  IF (EXTRA  ,EQ.  0)  GO  TO  400 
SSAVE  a  S 
DO  3RO  M  a  1,  3 
NPR  a  NPH  ♦  1 
S  *  XSAVE(M) 

CALL  bOMTRY 

P ( 1 » NPH  ♦  1)  a  YSAVE12.M) 

P(2*NPR  ♦Da  YSAVE (4«M) 

P ( 3  *  NPR  ♦  1)  a  YSAVE (b,M) 

P(A»NPR  ♦  1)  a  T2*YSAVE(6»M)  -  NU#R2*CXS*YSAVt (5, M) 
iMbtNPR  ♦  1)  a  NU*YSAVE(4«M)  ♦  H* (R2*CXSttYSAvE ( 3*M)  ♦ 
i  R2«SXN*YSAVEU*M)  )  AYMOU 

>i,o l  (NPH  ♦  1)  a  S 
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390  CONTINUE 
S  =  SSAVE 

EXTRA  *  0 

♦00  NPH  a  NPH  ♦  i 

IF(£XTHA  .tQ.  0)  GO  TO  410 
CALL  GOMTRY 

♦10  P ( 1  *NPR  ♦  1)  a  Y (2) 

P  (2»NPR  ♦  I)  a  Y  (4) 

P (3*NPH  ♦  1)  a  Y 15) 

P(4*NPR  ♦  1)  a  T2*Y (6)  -  NU*R2*CXS*Y (5) 

P (5»NPR  ♦  1)  a  nU*Y (4)  ♦  H*(R2*CXS«Y(3)  ♦  R2*SXN*Y (1) ) *YMOD 

S0UKNPR  ♦  1)  ■  S 

IF (NPR  ,LT.  276)  GO  TO  138 

WRITE (6*686)  JJ 

WRITE(6*678) 

WRITE(6*676)  (SOUT(N)*  (P(I»N)»  I  ■  1*  5>t  N  a  1*  it 5) 

GO  •  1 
RETURN 

138  IF (S  ,LT.  SF1NAL)  GO  TO  60 

IF (EAM(7)  .EG.  0.0)  GO  TO  830 
IF (FINAL  .tQ.  1)  GO  TO  80 
00  825  I  a  1.  NOt 
FSAVEU)  a  YU) 

825  CONTINUE 
FINAL  a  1 
GO  TO  80 

830  IF (FINAL  .tQ.  0)  GO  TO  840 
DO  835  I  a  1,  NOE 
PRNT(I)  a  FSAVEU) 

835  CONTINUE 

840  TEKM1  a  MAX IF ( AdS (PHNT ( 1 ) ) »  A8S (PRNT (2) ) •  A8S(PHNT (3) ) * 

1  A6S (PRNT (4) )  *  A8S (PRNT (5) ) »  ABStPRNT (6) ) ) 

IF (NOE  .EQ.  6)  GO  TO  8406 

TERM1  a  MAX1F(TERM1«  A8S (PRNT ( 7) ) .  A8S (PRNT (8) ) ) 

8406  E(JJtNF)  a  TERM  1 

IF ( JJ  «GT.  1)  GO  TO  4540 
777  JJJ  «  NPL 
GO  TO  1491 
4540  JJJ  «  JJ  -  1 
1491  00  4542  I  ■  It  NOE 

0U»JJJ»NF)  ■  PRNT  ( 1 ) 

♦542  continue 

IFUNTPRN  .EG.  0)  GO  TO  4240 

WRITE (6*675)  YAM ( 1 ) *  (PRNT (I)*  I  ■  It  NOE) 

WRI TE (6.605)  AUMSCTt  INTC 
4240  IF (NOSAVt  .EQ.  0)  GO  TO  4320 
NP01NT  a  NPR  ♦  1 
IFUNTPRN  .EQ.  0)  GO  TO  1490 
WRI TE (6*677) 

WRI TE (6*676)  (SOUT(N)*  (P(l*N)*  I  a  1*  5) »  N  a  1,  NPOINT) 
1490  DO  5035  N  a  2*  NPOINT 

DELTA  a  1 ,0/ (SOUT (N)  -  SOUT(N  -  l)) 

00  5030  1  «  It  5 

SLOPE ( 1 »N  -  1)  a  (P ( 1 *N)  -  P(I,N  -  l))*OELTA 
P ( I »N  -  1)  a  P ( I »N  -  1)  -  SLOPE ( I *N  -  l)*SOUT(N  •  1) 

5030  CONTINUE 
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CON! 1NUE 

IF ( INTPHN  ,EU.  0)  GO  TO  4320 
WHITE (6*63  7) 

MPOINT  s  NPOiNT  -  1 

WRIT£(6*679)  (Mt  (SLOPE ( I  *M) *  I  *  1»  b)»  M  *  1.  MPOINT) 

4320  CONTINUE 

IF ( ISH  .EQ.  2  .AND.  NTYPE  .EG).  1)  GO  TO  4536 
SZEHO  s  SPINAL 
4330  CONTINUE 
RETURN 

4536  NPAHTC  a  NFF  ♦  NF  -  2 

DO  4375  JJ  a  NF.  NPARTC 
DO  4381  I  *  1*  NUfc 
DO  4381  J  *  It  NHL 

♦  1)  *  U(lfJ.JJ) 

4381  CONTINUE 
4375  CONTINUE 

NF  «  NPAHTC  ♦  1 
HE  I  URN 

697  FORMAT  ( 1  HO  * 

1  27H!HfcSt  RESULT  AHt  FOR  PART  12*  11F1  OF  BRANCH  12, 

2  39H« a##***#*#**#*#**##**#*#* ####*#***) 

696  FORMAT  ( 1H  ♦  15R#»***  ERR  ( 1>  *  2H**  E16.B*  2H*«  tl'b.tf*  2M«*  E16.B* 
1  2H#*  El 6.8t  2H**  tl6.8»  2H**  E16.8) 

675  FORMA]  (1H  »  F'10.5.  8E15.6) 

606  FOHMATUHl*  47HOIMENSION  OF  SOUT  EXCEEDED  FUR  INTEGRATION  NO.  II* 
1  23H.  CALCULATIONS  STOPPED.) 

678  FORMATUHO.  1]X«  4HS0UT.  16X.  4H0PH1.  16X.  4MNPH1.  16X.  4HBPH1  * 

1  14X»  8MUbPHI/0St  15X,  2HNT) 

676  FORMAT ( 1 H  .  6E20.8) 

605  FORMAT ( 1H  »  UHAUmINT  CALLED  I3»  6H  TIMES*  5X* 

l  14HD1FFE0  called  13*  6h  times) 

677  FORMAT (1H1*  11X,  4HS0UT.  16X*  4HOPHI*  16X*  4MNPHI *  16X*  4HBPHI* 

1  l4X*  HHUbPHI/US*  15X*  2HNT) 

637  FORMAT ( 1H1 »  69HVALUES  FOR  SLOPES  IN  FOLLOWING  ORDER  -  UPMl*  NPHI* 
1BPH1*  OHPHl/DS*  NT) 

679  FOHMATUH  »  13*  6X«  5F.20.6) 

ENU 
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SUBROUTINE  INVERT  (BAtMAXf NAXtDETERMf ISCAL) 

DIMENSION  UP (Hf ti) t  M(8)f  C(8)f  BA(64) 

DO  310  J*lfMAX 
K*(J-I)«NAX*I 
00  305  1*1 (MAX 
0P(If J)*8A(K) 

305  K*K*1 
310  CONTINUE 
DETERM  a  1. 

C  INITIALIZE  book-keeping  ARRAY 

DO  90  I  *  It  MAX 
MU)  «  -  I 
90  CONTINUE 

DO  no  II  *  If  MAX 

C  LOCATE  LARGEST  ELEMENT 

0  *  0.0 

00  112  K  *  If  MAX 
IF  (M (K) )  100* 100(112 
100  00  110  L  *  If  MAX 

IF  (M (L) )  103(103(110 

103  IF (ABS (0)  •  ABS (UP (Kf L) ) )  105t  105(  110 
105  LO  «  L 
KO  *  K 
0  *  OP(KfL) 

110  CONTINUE 

112  CONTINUE 

C  CALCULATE  DETERMINANT 

IF(KI)  -  LQ)  900f  901  f  900 

900  OE1ERM  *  •  OETERM 

901  OE1ERM  *  D*OETERM 

C  INIERCHANGE  COLUMNS  AND  SUBSTITUTE  IDENTITY  ELEMENTS 

NEMP  ■  -M (LO) 

M(LU)sM(K0) 

M (KU) a  NEMP 
00  114  I  «  If  MAX 
C(i>  *  OP ( I f LO) 

OPUfLO)  *  UP ( I f KO) 

DP(ltKO)  *  0*0 

114  CONTINUE 
OP(KOtKO)  *  1. 

C  DIVIDE  RO tf  BY  LARGEST  ELEMENT 

DO  115  J  *  If  MAX 
DP(KOtJ)  a  UP (KOf J) /D 

115  CONTINUE 
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C  REDUCE  REMAINING  ROWS  AND  COLUMNS 

DO  135  I  ■  It  MAX 
IF  (I-KD)  130t 13St 130 
130  00  134  J  «  It  MAX 

DP(itJ)  «  OP(ItJ)  -  C ( 1 ) *UP (KOt J) 

134  CONTINUE 

135  CONtlNUE 
140  CONTINUE 

C  INTERCHANGE  ROWS 

DO  <200  I  a  It  MAX 
L  «  0 

150  L  *  L  ♦  1 

IF  (M(L)-I)  ISOt I60tl50 
160  M(L)sMU) 

DO  200  J  *  It  MAX 
TEMP  a  OP(LtJ) 

DP (L ♦ J)  ■  UPUtJ) 

DP ( 1  * J)  *  TEMP 
200  CONTINUE 

DO  330  J*ltMAX 
Ka(J«l)#NAXM 
00  325  1*1 tMAX 
BATK)aOP(ltJ) 

325  KalS* 1 
330  CONTINUE 
HETURN 
END 
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SUBROUTINE  MATMUA,  NHA»  NCA»  IRA,  ICA*  NRSA*  NCSA* 

*  «*  NHB*  NCB.  IR8*  ICB*  NCSB* 

*  C*  NRC*  NCC*  IRC*  ICC*  DUMMY) 

DIMENSION  A(NRA*NCA)»  B (NRB*NCB) *  C(NHC.NCC)*  DUMMY (NRC»NCC) 
COMMENT  IF  A  IS  DOUBLY  SUBSCRIPTED*  THEN  WRITE  A(l*i>. 

COMMENT  IF  A  IS  TRIPLY  SUBSCRIPTED*  THEN  WRITE  A(1,1*K)  WHERE  K 

COMMENT  INOICATES  THE  K  -  TH  A  ARRAY. 

COMMENT  IF  B  IS  VECTOR.  I.E.*  SINGLY  SUBSCRIPTED*  THEN  WRITE  B(l). 
COMMENT  IF  B  IS  DOUBLY  SUBSCRIPTED*  THEN  WRITE  0(1.1)*  IT  6  IS 

COMMENT  SQUARE.  OTHERWISE  IF  B  IS  RECTANGULAR*  THEN  WRITE  B<1*K)* 

COMMENT  WHERE  K  IS  THE  K  -  TH  COLUMN  IN  B. 

COMMENT  IF  d  IS  TRIPLY  SUBSCRIPTED*  THEN  wRUE  B(l,l*lO  WHERE  K 
comment  indicates  the  k  -  th  b  array. 

COMMENT  IF  c  is  vector.  I.E.*  SINGLY  SUBSCRIPTED.  THEN  WHITE  C(l). 
COMMENT  IF  C  IS  DOUBLY  SUBSCRIPTED.  THEN  mRITE  C(i,l). 

COMMENT  IF  C  IS  TRIPLY  SUBSCRIPTED*  THEN  WHITE  CU.i.K)  WhERE  K 

COMMENT  INDICATES  THE  K  -  Th  C  ARRAY. 

COMMENT  NRA  *  NUMBER  OF  ROWS  IN  A. 

COMMENT  NCA  a  NUMBEH  OF  COLUMNS  IN  A, 

COMMENT  NRSA  a  NUMBER  UE  ROwS  IN  SUB  MAIRIX  OE  A  WHICH  WILL  BE 
COMMENT  MULTIPLIED. 

COMMENT  NCSA  *  NUMBER  OF  COLUMNS  IN  SUB  MATRIX  UE  A  WHICH  WILL  BE 
COMMENT  MULTIPLIED. 

COMMENT  IRA  *  NUMBEH  UE  I H£  HOW  IN  WHICH  THt  SUBMATRIX  STAHTS. 

COMMENT  ICA  *  NUMBER  OF  Th£  COLUMN  IN  WHICH  THE  SUBMATRU  STARTS. 

COMMENT  SIMILAR  DEFINITIONS  FOR  OTHER  QUANTITIES. 

COMMENT  CALLING  PROGRAM  MUST  PHUVIOt  TEMPORARY  STORAGE  UE  NHC*NCC 
COMMENT  DECIMAL  wOHOS. 

IMAX  a  IRA  ♦  NRSA  -  1 

JMAX  a  ICB  ♦  NCSB  -  1 

LMAX  a  ICA  ♦  NCSA  -  1 

MMAX  a  IRC  ♦  NRSA  -  1 

NMAX  a  ICC  ♦  NCSB  -  1 

M  a  \ 

DO  110  I  a  IRA*  IMAX 
N  =  l 

DO  105  J  a  ICB*  JMAX 
SUM  s  0.0 
K  a  IRH 

DO  100  L  *  ICA*  LMAX 
SUM  a  SUM  ♦  A(I,L)*B(K.J) 

K  =  K  ♦  I 
100  CONTINUE 

OUMMY(M*N)  =  SUM 
N  a  N  ♦  I 
105  CONTINUE 
M  *  M  ♦  1 

no  continue 

MM  =  1 

DO  120  M  a  IRC*  MMAX 
NN  a  1 

DO  US  N  a  ICC*  NMAX 
C ( M * N )  5  OUMMY (MM.NN) 

NN  -  NN  ♦  I 
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ns 

CONTINUE 

MM  *  MM  ♦  1 

120 

CONTINUE 

return 

END 

SUBROUTINE  PRINT 


DIMENSION 

IA  (a) 

« 

SI (60) 

•  IPAR (60) 

IB  (8) 

* 

SX(60> 

•  INT (60) 

BA  Crt) 

• 

PRNT (8) 

«  ISS(60) 

66(tt> 

• 

ERR (B) 

•  PSR (60) 

Y(8) 

• 

DM (8*61 ) 

»  EYM (60) 

0Y(8) 

• 

TL(B*8) 

•  A(8*V) 

I R (8*8) 

• 

TLl (8*8) 

•  JUBPLU10) 

TRKd.d) 

• 

TRY (8*6l ) 

*  TR2(8*8) 

SOUT (2/5) 

• 

0 (8*9*60) 

•  P (5*275) 

SLOPE (5*275) 

» 

TR1 (8*8) 

•  E (9*60) 

DIMENSION 

V3(h) 

• 

VN(7*60) 

•  YAM (72) 

OYAMC /2) 

• 

ABC (21) 

•  EAM(iO) 

BACK (60) 

• 

YSAVE (B) 

•  OETERMdO) 

IPLOT (10) 

* 

XPLOT (350) 

•  VPLOl (?30*10) 

STHOUf (350) 

* 

SIGNPH (350) 

•  SIGMPh (350) 

SIBPmT (350) 

• 

SIBPHB(350) 

•  SIGNfM(350) 

SIgmTh(JSO) 

• 

SIGTmT (350) 

•  S1GI MB ( 350) 

TauphI (350) 

* 

VARY IK (bb) 

•  POINT (60) 

COMMON  /  BLOCkA  /  NU«  Pi*  XLO*  NTVPE*  INDEX*  IBH*  PN*  NPolNT* 
i  ISM*  TT*  II*  T2,  HTT*  INTC 


COMMON  /  BLOCKM  /  M*  hi*  n2«  R3*  SXn*  CXS 
COMMON  /  8LOCKC  /  OM*  6A*  OB*  NF*  NFP*  NPL*  NH*  NN*  I HY 
COMMON  /  BLOCKU  /  IL*  IP*  1LI*  T«I*  ALFL*  ALFh 
COMMON  /  BLOCkF  /  NFF*  SMXX*  SZERO*  60*  EKP*  ISS*  E* 

•  MAX*  intprn*  intval*  NPP 

COMMON  /  8L0CKG  /  NPAkTS*  PHIl*  V3*  KINO*  NT*  MT*  SPHiNT,  VN*  EYM. 


COMMON  /  8L0CKH  ✓ 
COMMON  ✓  8L0CKJ  / 
COMMON  /  BLOCKK  / 
COMMON  /  8L0CKL  / 
COMMON  /  HLOCKM  / 
COMMON  ✓  0LOCKN  / 
COMMON  /  8L0CkP  / 

1 

COMMON  /  8L0CKQ  / 
COMMON  /  BLOCKS  / 


BACK*  NBACK 
NOE 

OELX*  POELX*  ABC*  EAM 

PIN*  PMIN*  HO*  XO*  EMIN*  EMAX 

rAM,  OYAM 

YSAVE 

UE I EWM 

plot,  plume*  splot*  plotpt*  iplot*  ymod*  kst* 

HGAMMA,  OEAO*  NFH 
TIME*  VAWTIK*  NVARTK 

J0BPLT*  ALXL*  ALXH*  IA*  IB*  NOPUNC*  iNPOf>* 

CONVEM*  SI*  sx«  int*  ipar*  psm*  iter*  NlHY* 


»  NEHROR 
COMMON  SLOPE* 
COMMON  /  PLXY1C  /  IEX(B) 
EQUIVALENCE  ( Y  ( 1) •  PRNT 


1 

(S*  YAM ( 1 ) ) 

(VARTlK(l) 

EQUIVALENCE 

(SLOPE (1) 

YPLOT(l) 

• 

(0(476) 

XPLOT(l) 

« 

(0(826) 

STROUT ( 1 ) 

« 

(QI1W6) 

SIGNPH(l) 

« 

(0(1526) 

SIBMPHU) 

« 

(0(1876) 

SIGPHTU) 

• 

(0(2226) 

SI«PH8(1) 

* 

(0(25/6) 

SlGNTHd) 

• 

(0(2926) 

SIGMTH(I) 

« 

(0(32/6) 

SIGTMT ( l ) 

« 

(0(3626) 

SlGTMB(l) 

IBRM*  TRYIN*  IBRMAX 
P*  SOUT*  0*  A 
OUM(A) 

1))*  ( Y ( 1 ) •  YAM(2) ) • 


IOY ( 1 ) .  OYAM (2) ) * 
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*  (0(3976)  *  TAUPHl(l)  ) 

iNltGtn  GO*  1 K Y In*  PASS*  SPACE*  AOMSCT*  FINIS*  PLOT* 
1  PLOTRT*  PUTISt*  TIME*  VARTlK*  POlNi*  COLUMN 

0A(A(RPU  a  0*l74b3292b2E~01)t  (OPR  a  57.29577951) 

HtAL  \U*  NT*  Mt*  NBaCK*  NFH*  NR2 

IF  (NOE  .£<3.  8)  60  TO  105 

00  100  I  a  7*  6 

YSAVE(I)  a  0.0 

PHNT(I)  =  0.0 

V3(I)  =  0.0 

100  CONTINUE 

105  NF  =  0 
PIN  a  l,o 
PMIN  a  S.O 
PLOTPT  a  I 
SPLOT  =0.0 
KSI  =  0 
NPLACfc  a  l 

106  WRllE(6.35b) 

KOUNT  =  1 

GO  TO  (107*  1 1)9 »  161*  166*  234*  246*  576)*  NPLACt 

107  00  245  I HR  a  1,  IBRmAX 
NVAHTK  a  POINT (IBR) 

NBACK  a  BACK (I HR) 

ISM  a  ISS(IBR) 

index  =  ism  -  i 

KCUNT  a  KOUNI  ♦  2 

IF (KOUNT  «L I .  53)  6U  TO  109 

NPLACE  a  2 

GO  TO  106 

109  WRI I E (6.34b) 

GO  TO  (110*  115*  120*  125*  130*  135*  140)*  INDEX 

110  WRI TE (6*365)  IBM 
GO  TO  145 

115  WRI TE (6*370)  IBR 
GO  TO  145 

120  WRI TE (6*375)  IBR 
GO  TO  145 

125  WRITE (6*380)  IBR 
GO  TO  145 

130  WRI TE (6*385)  IBR 
GO  10  145 

135  WRI TE (6*390)  IBR 
GO  (0  145 

140  WRI TE (6*365)  IBR 

145  iNUtX  a  1 
CALL  GOMTRY 
YMOO  a  EYR(IBR) 

NU  *  PSR(IBH) 

PI  a  (i,0  -  NU*NU)/YMOO 

TT  *  H*H/12.0 

Tl  =  Pl/H 

T  c  =  Tl/TT 

HTI  *  h*T  T 

NFF  =  IPAR(IbR) 

SMAX  s  (SX(IHR)  -  SI ( IBR) ) /FLOAT (NFF ) 
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NPP  a  InT(IBR) 

PPK  a  SMXX/FLOaMNPP  -  l) 

SZERO  X  SKIBH) 

00  240  L  =  1*  NFF 
SF INAL  *  SZERO  ♦'SMXX 
NF  *  NF  ♦  1 

IF(NTYPE  .N£.  n  60  to  155 
IF (L  ,EQ.  NFF)  60  TO  160 
TEHH1  a  MAX1F <ABS(OM(i«NF  ♦  1)). 

1  A8S(0M(3.NF  ♦  1))  » 

2  ABS(0M(5.nF  ♦  1)  )  » 

IFTNOE  .EG.  6)  60  TO  lbO 

TEKM1  a  MAXlMTERMlt  A8S(Dm(7,NF 
150  ERROR  a  TERMl*ERP 
GO  TO  160- 

155  ERROR  a  E(1»NF)*ERP 

160  EMAX  a  ERROR 
EMIN  a  ERROR*0.01 
KOUNT  a  KOUNT  ♦  1 
IF (KOUNT  .LT.  53)  GO  TO  lbl 
NPLACE  a  3 
60  TO  106 

161  MRl T£ (6*345) 

IF ( INTVAL  .EU.  0)  GO  TO  170 
00  165  I  a  1,  NOE 
ERR (I)  *  ERROR 

165  CONTINUE 
KOUNT  a  KOUNT  ♦  1 
IF (KOUNT  .IT.  53)  GO  TO  166 
NPLACE  a  4 
60  TO  106 

166  WRITE (6*400)  (ERR  ( I) *  I  *  1*  6) 
170  00  175  I  a  1.  NOE 

Y ( 1 )  a  DM { I  .NF ) 

175  CONTINUE 
HO  *  PPR 
XO  *  SZERO 

IF (NTYPE  .NE.  1)  GO  TO  180 
XLO  a  1,0 
60  TO  185 
180  NTYPE  a  2 


KINO  a  1  INDICATES  FUNDAMENTAL 
OF  A  PART*  THAT  IS.  Om(I.NF). 
KINO  a  2  INDICATES  FUNDAMENTAL 
THAT  IS.  PRNT(l). 

KIND  a  3  INDICATES  FUNDAMENTAL 
WHICH  MEANS  THEY  ARE  PERMANENT 
KINO  a  4  INDICATES  FUNDAMENTAL 
TIONS. 


185  CALL  AOMRES 
S  *  SZERO 
SPRINT  *  SZERO 


ABS (DM (2.NF  ♦  l))t 
ABS (DM(4*NF  ♦  1>)« 

ABS (DM (6 .NF  ♦  1  >)) 

♦  D).  ABS  (DM  (B.NF  ♦  1))) 


VARIABLES  ARE  FROM  THE  BEGINNING 

VARIABLES  ARE  ADAMS-MUULTON  POINTS. 

variables  ARE  FROM  THE  YSAVE ( 1 ) . 
HUNGE  KUTTA  POINTS. 

VARIABLES  ARE  FROM  crown  CALCULA- 
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KINO  =  I 
LPLACE  =  1 
60  ro  495 

166  PASS  a  0 
IN1C  a  0 
SPACE  a  1 
ADMSCT  a  0 

190  ADMSCT  a  ADMSCT  *  1 
CALL  ADMIM 

IF (PASS  .EQ.  2  .And.  £AM<9)  .FU.  O.O)  GO  TO  225 

IF (PASS  .EU.  0)  60  TO  195 

IF (SPACE  .EU.  XFIXF (tAM(8) ) )  60  TO  200 

IF (PASS  .60.  3)  60  TO  205 

PASS  a  PASS  ♦  1 

60  TO  190 

195  IF (t AM (9)  .EU.  0.0)  60  TO  210 
GO  10  190 

200  PASS  a  o 
GO  TO  190 

205  PASS  a  0 
KINO  a  3 
SSAVE  a  S 
SPH1NT  a  XSAVE 
S  *  XSAVE 

SPLOT  a  SPLOT  ♦  PPH 
PLQTPT  ■  PLOTPT  ♦  i 
LPLACE  a  2 
GO  TO  495 

206  S  a  SSAVE 

SPACE  a  SPACt  ♦  1 

IF (SPACE  .LT.  NPP)  60  TO  190 

GO  TO  230 

210  IF (6am ( 7)  .EO.  0.0)  60  TO  220 
DO  215  I  a  1,  NUE 
YSAVE(I)  a  r(I) 

215  CONTINUE 
XSAVE  a  S 
PASS  a  1 
GO  TO  190 

220  KINO  a  2 
SPP1NT  a  S 

SPLOT  a  SPLOT  ♦  PPH 
PLOTPT  a  PLOTPT  ♦  1 
LPLACE  a  3 
60  10  495 

221  SPACE  a  SPACE  ♦  1 
IF(SPACE  .LT.  NPP)  GO  TO  190 
GO  TO  230 

225  PASS  a  0 
KINO  a  3 
SS«VE  a  S 
S  *  XSAVE 
SPH1NT  a  XSAVE 
SPLOT  a  SPLOT  ♦  PPR 
PLOTPT  a  PLOTPT  ♦  1 
LPLACE  a  4 
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GO  ro  49b 

226  SPACE  a  SPACt  ♦  1 
S  *  SSAVE 

IF  (S  .GT.  l.00001*SFINAL)  GO  TO  230 

KINO  *  2 

SPRINT  a  S 

SPLOT  a  SPLOT  ♦  PPR 

PLOTPT  *  PLOTPT  ♦  I 

LPLACE  a  5 

GO  ro  49b 

227  SPACE  a  SPACE  ♦  1 

IF (SPACE  .IT.  NPP)  GO  TO  190 
230  IF (lNTVAL  .EU.  0)  GO  TO  23b 
KOUNT  a  KOUNT  ♦  1 
IF  (KOUNT  .LT.  S3)  GO  TO  234 
NPLACE  a  5 
GO  TO  106 

234  WHITE (6.350)  AOMSCT.  1NTC 

23b  TEHM3  a  MAX IF ( A8S (PHNT ( 1 ) ) t  AHS(PHNT (2) ) *  AGS (PRNT (3) ) ♦ 
1  ABS(PRNT (4) ) f  AGS (PUN? (5) )  *  ABS(PHNT (6) > ) 

E ( 1 *NF)  a  TEHA3 
SZEHO  *  SF1NAL 
240  CONTINUE 

245  CONTINUE 

IF < 1SS ( IGRM)  .GT.  1)  GO  TO  2G0 
KOUNT  a  KOUNT  ♦  5 
IF(K0UNT  .LT.  b3)  GO  TO  246 
NPLACE  a  6 
GO  TO  106 

246  wRl f E (6»34b) 

WRITE (6.360) 

WRlfE(6.34b) 

ISM  a  1 

IBP  «  IGRM 
YMOO  a  EYM(IBR) 

NU  *  PSR(IBR) 

KINO  a  A 
INUEX  *  l 

IF(NTYPE  .Nt.  1)  GO  TO  2b0 
XLU  a  0.0 
GO  10  2bb 
250  XLO  *  1.0 
255  00  275  M  a  1,  2 

GO  TO  (260 »  2b5) »  m 
260  PHll  a  0.02 
GO  TO  270 
265  PHll  a  0.0 

SPLOT  a  SPLOT  ♦  0.02 
PLOrPT  a  PLOT P I  ♦  1 

270  CALL  GOMTRY 
LPLACE  a  6 
GO  >0  495 

271  CONTINUE 
275  CONTINUE 

GO  TO  280 

495  IF  (KINO  .EU.  4 >  G(J  10  S35 
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CALL  GOMTHY 

60  TO  (500*  blOt  520)  t  KINU 
500  00  505  I  a  l,  NUt 
V3(I)  a  UM ( I tNF ) 

505  CONTINUE 
GO  TO  530 

510  00  515  I  =  It  NCE 
V3(D  *  PRNT(I) 

515  CONTINUE 
60  TO  530 

520  DO  525  I  =  It  NOE 
V3(I>  =  YSAVE(I) 

525  CONTINUE 
530  NR2  a  NFH«R2 

NT  *  nU*V3(4)  ♦  H* (R2*CXS* Vi ( 3)  ♦  R2*SXN*V3(1)  ♦  NR2*V3 ( 7) ) *YM0U 
MT  s  NU*V3(6)  ♦  HTT* (H2*CXS*V3 (5)  ♦  NR2* <H2*SXN*V3 ( ()  ♦ 

1  NK2*V3(1) ) )*YmOU 

535  DO  575  J  s  It  2 

60  TO  (540 1  545) t  J 
540  TENMl  a  (NT  -  NU*V3(4))/H 

TEKM2  a  0.5* (MT  -  nU*V3 (6) ) / T T 
60  TO  550 

545  TENMl  a  (vi (4)  -  NU*NT)/H 

TEHM2  a  0.5*(V3(6)  -  NU*MT)/TT 
550  IF ( TENMl  .GT.  0.0)  60  TO  555 
SIGN  a  -  1.0 
GO  TO  560 
555  SIGN  a  1.0 

560  TENM3  a  S  IGN*MAX  1M  AbS  (  TEHMl  ♦  TERM2)  t  ABSUERMl  -  ItRM2))/YM0U 
GO  TO  (565t  570) t  J 
565  EP1  a  TEHf/J 
60  10  575 
570  EPP  *  TEHK3 

575  CONTINUE 

KOUNT  =  KOUNT  ♦  1 
IF (KOUNT  .LT.  53)  GO  TO  577 
NPL«CE  =  7 
60  TO  106 

576  WRITE (b t 345) 

KOUNT  a  KOUNT  ♦  1 

577  GO  TO  (560t  590t  585t  5«5t  585t  590t  585t  590).  ISM 
580  SPKlNT  a  (3.14159265  -  PHI1)*DPN 

GO  TO  590 

585  SPHlNT  =  SPHInT*UPH 

IF(NRACK  .EQ.  -  1,0)  SPRINT  a  180.0  -  SPRINT 
590  WRITE (6t670)  SPfilNTt  (V3(I)t  1  *  It  6) t  NT t  Ml,  tP T t  EPP 
TENMl  a  V3(4)/H 
TEHM2  a  0.5*V3 (6)/TT 
TEHM3  a  NT/H 


TENM4  a  0,5*MT/TT 


KST  a  KST  ♦ 
STHOUT (KST) 
SIGNPH(KST) 
SIGMPH(KST) 
SIGPHT(KST) 
SIGPHB(KST) 


1 


SPRINT 

TENMl 

TEHM2 

TEHM1  -  :e.RM2 
TENMl  ♦  Tt'RM2 
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SltiNTH(KST)  a  TERM3 

SlGMTH(KST)  *  TEKM4 

SIGTHT(KST)  *  TERM3  -  TERM4 

SIGTHB<KST)  a  TERM3  ♦  TERM4 

TAUPHI(KST)  a  1,5*V3(2)/H 
IFTPLTlME  .EQ.  0)  GO  TO  666 
XPLOT(PLOTPT)  a  SPLOT 
DO  665  I  *  l,  PLOT 
COLUMN  a  IPLOT(I) 

IF (COLUMN  .GT.  6)  GO  TO  595 
YPL6T(PL0TPT»I)  a  V3(COLUMN) 

GO  TO  665 

595  KOLUMN  a  COLUMN  -  6 

GO  TO  (600*  605*  610*  615*  620*  625* 

1  630*  635*  640*  645*  650*  655*  660)*  KOLUMN 

600  YPLUT(PLOTPT»I)  *  NT 
GO  TO  665 

605  YPLOT(PLOTPT*I)  *  MT 
GO  TO  665 

610  YPLOT(PLOTPT.l)  «  EPT 
GO  TO  665 

615  YPLOT (PLOTPT » I )  «  EPP 
GO  TO  665 

620  YPLOT (PLOTPT* I)  ■  SIGNPH(KST) 

GO  TO  665 

625  YPLOT (PLOTPT » I )  a  SIGMPH(KST) 

GO  TO  665 

630  YPLOT (PL07PT*I>  «  SIGPHT(KST) 

GO  TO  665 

635  YPLOT (PLOTPT* I)  ■  SIGPHB(KST) 

GO  TO  665 

640  YPLOT (PLOTPT. 1)  a  SIGNTH(KST) 

GO  TO  665 

645  YPLOT(PLOTPT.I)  *  SIGMTH(KST) 

GO  TO  665 

650  YP~OT(PLOTPT*I)  »  SIGTHT (KST) 

GO  TO  665 

655  YPLOT (PLOTPT » I )  «  SIGTHB(KST) 

GO  TO  665 

660  YPLOT (PLOTPT  *  I )  a  TAUPH! (KST) 

665  CONTINUE 

666  GO  TO  (166*  206,  221*  226*  227*  271)*  LPLACb 
C  WRITE  OUT  STRESSES. 

280  KST  »  0 
NPLACE  a  1 

281  wRl 1 E (6*405) 

KOUNT  a  3 

GO  TO  (282*  283,  321,  322,  336)*  NPLACE 

282  DO  335  1BH  a  j,  18RMAX 
NFF  *  IPAR(IBH) 

NPP  a  INTU6R) 

ISH  a  ISS(IBR) 

INDEX  a  ISH  -  1 
KOUNT  *  KOUNT  ♦  2 
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IF(K0UNT  .LT.  53)  GO  TO  283 
NPLACE  a  2 
GO  TO  281 
283  WRITE (6*345) 

GO  TO  (285 *  290*  295*  300*  305*  310*  315)*  INDEX 
285  WRITE (6*365)  IBR 
GO  TO  320 

290  WRITE (6*370)  IBM 
GO  TO  320 

295  WRITE (6*375)  IBR 
GO  TO  320 

300  WRITE (6*380)  IBR 
GO  TO  320 

305  WRITE (6*385)  IBR 
GO  TO  320 

310  WRITE (6*390)  IHR 
GO  TO  320 

315  WRITE (6*365)  IBR 

320  00  330  L  a  1*  NFF 
KOUNT  *  KOUNT  ♦  1 

IF  (KOUNT  .LT.  53)  GO  TO  321 
NPLACE  a  3 
GO  TO  281 

321  WRITE (6*345) 

DO  325  N  3  1,  NPP 

KOUNT  s  KOUNT  ♦  1 

IF (KOUNT  «L T •  53)  GO  TO  323 

NPLACE  3  4 

GO  TO  281 

322  WRl TE (6*345) 

KOUNT  ■  KOUNT  ♦  1 

323  KS!  s  KST  ♦  1 

WRl TE (6*415)  STROUT(KST).  SIGNPH(KST)*  SIGMPH(KSI)*  SIOPHT(KST) 

1  SIGPHH(KST)*  SIGNTH(KST)*  SIGmTH(KST)*  SIGTHT(KSf) 

2  SIGTHB(KST)*  TAUPHI(KST) 

325  CONUNUE 

310  CONTINUE 

335  CONTINUE 

IF(ISSUBHM)  ,GT.  1)  RETURN 

KOUNT  3  KOUNT  ♦  5 
IF  (KOUNT  .LT.  53)  GO  TO  336 
NPLACE  s  5 
GO  TO  281 

336  WRITE (6*345) 

WRi ) E (6  *  360 ) 

WRl TE (6*  345) 

DO  340  M  s  I*  2 
KST  s  KST  +  1 

WRl TE (6*4 15)  STHOUT(KST)*  SIGNPH(KST)*  SlGMPH(KST)*  SIGPHT(KST) 

1  SIGPHB(KST)*  SIGNTH(KST) *  SIGmTh(KST)»  SIGTHT(KST) 

2  SIGTHB (KST ) »  TAUPHI(KST) 

340  CONTINUE 

return 

395  FORMAT ( 1 H I  *  3X»  4HS0UT  *  10X*  1HW*  9X*  5HQ  PHI*  /X*  5HU  PHI* 

1  7X*  5HN  PHI,  6X*  8HBETA  PHI*  5X*  5HM  PhI* 

2  6X*  7HN  THETA*  5X,  7HM  THETA*  4X*  9HtPS  ThETA* 


4X*  7HEPS  PHI) 


3 

345  FORMAT (1H  ) 

365  FORMAT ( 1H  »  23HRESULTS  FOR  MAIN  SHELL  12*  12H  CYLINDRICAL) 

370  FORMAT (1H  »  23HRESULTS  FOR  MAIN  SHELL  12*  10H  SPHERICAL) 

375  FOHMATdH  »  23HRESULTS  FOR  MAIN  SHELL  12*  13H  PARABOLOIDAL) 

380  FORMAT (1H  ,  23HRESULTS  FOR  MAIN  SHELL  I2»  12H  ELLIPSOIDAL) 

385  FORMAT { 1H  »  23HRESULTS  FOR  MAIN  SHELL  12*  8H  CONICAL) 

390  FORMAT  { IH  ♦  23HRESULTS  FOR  MAIN  SHELL  12*  9H  TOROIDAL) 

400  FORMAT  ( 1H  « 1 1H**ERR { I )  =  1H*E11.4*  1H*E11.4*  1H*E11.4» 

1  1H*E11.4,  lH*Eil.4f  lH*tll,4> 

350  FORMATUH  *  I4HADMINT  CALLED  I3t  6H  TIMES*  SX* 

1  14H0IFFEQ  CALLED  1 3 •  6H  TIMES) 

360  FORMATUH  »  17HRESULTS  FOR  CROWN) 

670  FORMATUH  ♦  Fli.7*  10E12.4, 

405  FORMAT (lHl »  31X*  I9HMERIDI0NAL  STRESSES* 

1  29X.  24HCIRCUMFERENTIAL  STRESSES* 

2  16X,  12HSHEAR  STRESS  // 

3  5X*  4HS0UT*  8X *  8HMEMBRANE*  6X*  7HBENDINO*  7X*  5HINNER* 

4  8X*  SHOOTER*  6X *  8HMEM8RANE*  6X*  7H8ENDINO*  ?X»  SHlNNER* 

5  8X»  5HCUTER) 

415  FORMATUH  ♦  F 12. 7*  2X*  9E13.5) 

END 
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SUBROUTINE  THICK 

DIMENSION  XP  ( 10*00)  *  POiNT(60)*  YAM<72)» 

*  YP ( 10*60)  «  DYAM ( 72) «  PRNT (8) * 

*  SL(  9*60) «  VAHTIK(feO)*  V3(8)* 

*  VN ( 7*60) *  EYM(60)»  BACK(6Q) 

COMMON  /  8L0CKA  /  NU»  Pit  XLD,  NTYPt.  INDEX*  IBR*  PN*  NPOINT . 
l  ISH*  TT*  TI*  12*  HTT*  INTC 

COMMON  /  BLUCKB  /  H*  HI*  R2.  K3*  SXN.  CXS 
COMMON  /  BLOCKE  /  XP.  YP*  SL 

COMMON  /  BLOCKG  /  NPAHlS*  Prill  »  V3*  KIND*  Nl»  MT*  SPHiNT  t  VN.  EYM* 
I  BACK ♦  NBACK 

COMMON  /  8L0CKL  /  YAM.  DYAM 
COMMON  /  HLOCKU  /  TIME*  VARTIK.  NVARTK 

EQUIVALENCE  C  x  9  Y  AM  ( 1 )  )  i  (PHnT(1)*  YAM<2))»  ( VAHTIM 1 ) »  POiNMl)) 
INTEGER  TIME*  POINT*  VARTIK 
REAL  NU*  Nl.  MT*  NbACK*  NFH 

I  *  NVARTK 

IF (XP ( I » IHR)  -  X)  3d.  38.  32 

32  IL  *  1 

IU  s  NVARTK 

33  IF ( ID  -  IL  -  1)  37.  37.  34 

34  I  »  (IL  ♦  IU)/2 

IF (X  -  XP(I.lBR) )  3b.  3d.  36 

35  IU  *  I 
GO  TO  33 

36  IL  *  I 
GO  10  33 

37  I  «  IU 

38  H  *  SL(I  -  1.IHHMX  *  YPC I  -  l  *  IBM) 

HE  TURN 

END 
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o  r>  o  o 


SUBROUTINE  TRIANG 


DIMENSION 

UC (4*4*60) 

»  UE(4*4*60) 

*  0(8*9*60) 

« 

DETE (60) 

*  DETC(60) 

•  ZA (4*60) 

• 

ZB (4*60) 

*  GA (8) 

*  GB (8) 

# 

TRY (8*61 ) 

,  P(b, 275) 

,  SLOPE (5»*75) 

» 

UU (4*4) 

*  DM (8 *61 ) 

,  DETEHmUO) 

« 

E (9,60) 

*  ISS (60) 

*  SOUT (275) 

« 

STHOUT (350) 

,  SIGNPH (350) 

*  SlGMPH(35Q) 

« 

SIGPHT (350) 

,  SIGPHB(350) 

•  SIGNTH(350) 

• 

SIGmTH (350) 

»  SIGTHT (350) 

,  SIG1 HB (350) 

« 

TAUPHl (350) 

♦  XPLOT (350) 

*  YPLOT (350*10) 

* 

A (B,9) 

COMMON  /  BLOCKC  /  DM*  GA»  GB*  NF •  NFP*  NPL*  NH*  NN»  )RY 
COMMON  /  BLOCKF  /  NFF •  SMXX,  SZ£RO»  GO*  ERP*  ISS*  E*‘ 

*  MAX*  INTPHN,  INTVAL*  NPP 

COMMON  /  BLOCKH  /  NUE 
COMMON  /  HLQCKN  /  DETERM 


COMMON 

SLOPE 

,  P«  SOUT*  0* 

A 

EQUIVALENCE 

(SLOPE (1) 

,  YPLOf(l) 

)  * 

(0(476) 

♦  xPLOf(l) 

)  * 

(0(826) 

,  STROUT(l) 

)♦ 

(0(1176) 

»  SIGNPH ( 1 ) 

)  » 

(0(1526) 

«  SIGMPH(I) 

)  * 

(0 (ld!6) 

»  SIGPHT ( 1 ) 

)  * 

(0(2226) 

«  SIGPHB(I) 

)  * 

(0(2576) 

«  SIGNTH(I) 

)  * 

(0(2926) 

*  SIGMTH ( 1 > 

)  * 

(0(3276) 

♦  SIGTHT ( 1 ) 

)  * 

(0(3626) 

,  SIGTHB(I) 

)  * 

• 

(0(3976) 

*  TAUPHl (1) 

) 

C  NF  COUNTS  NUMBER  OF  PARTS.  THUS  AT  THIS  POINT  IN  PROGRAM  IT  EQUALS 

C  THE  TOTAL  NUMBEH  OF  PARIS. 

D(1»J,K)  CONTAINS  THE  COMPLEMENTARY  AND  PARTICULAR  SOLNS  AT  THE 
ENUS  OF  SEGMENTS.  K  REFERS  TO  THE  SEGMENT  NUMBER.  I~»  1*  NOE  ANO 
J  «  1*  NOE  ARE  THE  COMPLEMENTARY  SOLNS.  I  «  1*  NliE  AND  J  •  NOE  ♦  1 
IS  THE  PARTICULAR  SOLN. 


C  NPL  «  NOE  ♦  1 

C  NFP  *  NF  ♦  1 

DO  67  1*1, NH 
DO  67  J*1,NH 
JJ*J*NH 

UE ( I* J* 1 )  =  D ( I  * JJ*  1 ) 

67  CONTINUE 

CALL  INVERT  (UE  ( 1  *  1  *  1 )  ,NH*4»QET* ISCAL) 

CALL  MATML  (0 ( 1  *  1  *  1 ) *  8*  9*  NH  ♦  1 »  NH  ♦  I*  NH*  NH* 
«  UE(I*1*1) *  4*  4*  1*  1*  NH* 

«  UC<1»1*1) t  4*  4*  1*  l*  A) 

DETEU)  =  UET 
DO  10  I=1»NH 
I I«I*NH 
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SUMA  a  -  0 ( l *NPL» 1 ) 

SUMB  a  -  0(1 I *NPL» 1 ) 

00  S>  J  «  1*  nh 
JJ  *  J  ♦  NH 

SUMA  a  SUMA  -  0 < I ♦ J* 1 ) * <GA ( J)  -  THY(J»i))  ♦  UU*JJtU* 

1  THY(JJ.l)  '  '■ 

SUMB  *  SUMB  -  0(II#J»l)*(GA(d)  -  TRY(J*1) )  ♦  0(II»JJ*1)* 
1  TRY(JJil) 

0  CONTINUE 

ZA(l*l)  *  SUMA 
ZB (1*1)  »  SUMB 

10  CONTINUE 

DO  11  I*1*NH 
S'JM  a  ZB  (1*1) 

DO  12  J  *  1*  NH 

SUM  a  SUM  -  UC(I*J»l)ttZA(J*l) 

12  CONTINUE 

ZB l 1*1)  *  SUM 

11  CONllNUE 

IF (nF  .EQ.  1)  GO  TO  sy 
DO  B6  K  *  2*  NF 

CALL  INVERT (UC ( 1  *  1 *K  -  1)«  NH«  4,  DET*  ISCAL) 

DETC(K  -  1)  *  DET 

CALL  MATML  (D(1*1«K)*  8*  V*  1,  1*  NH*  NH* 

*  UC(1»1*K  •  1)»  4*  4*  1*  1*  NH* 

*  UD ( 1  *  1 ) *  4*  4 1  1*  1*  A) 

UO  ( 21  1  a  1*  NH 

DO  J21  J  =  1*  NH 
JJ  3  J  ♦  NH 

UE(I«J»K)  *  0(1* J J »K )  ♦  UU(I»J) 

721  CONTINUE 

CALL  INVtRT (U£ ( 1* 1 *K) iNH»4*0ET* ISCAL) 

UEIE(K)  *  DEI 
UO  /3  1*1 »NH 
SUM  a  -  U(I»NPL»K) 

DO  74  J  a  J,  nH 
JJ  ■  J  ♦  NH 

SUM  a  SUM  -  U0(I»J)»Z8(J»K  -  l)  ♦  D ( I » J»K) *  I KY ( J»K )  ♦ 

*  0(I.JJ»K)«rHY(JJ»K) 

74  CONTINUE 

ZA ( 1 *K)  3  SUM 
73  CONTINUE 

CALL  MATML  (U(l»i*K>*  8*  V*  NH  ♦  1*  1*  NH*  NH* 

*  UC ( 1  *  1  * K  »  1)»  4 1  4*  1*  1*  NH* 

*  UO ( 1  *  1 ) •  4*  4*  1 »  1 1  A) 

DO  76  Ial,NH 

!I*WNH 

SUM  a  -  U(II*NPL»K) 

DO  161  J  a  1»  NH 

SUM  a  SUM  -  UOd*  J)#Ztt(  J»K  -  1) 

761  CONTINUE 

ZB ( I  *K)  *  SUM 
76  CONllNUE 

DO  1 7  I a  1 » NH 
I i*i+nh 
DO  n  Ja 1 « NH 
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JJaJ*NH 

UD(ItJ)  =  U ( X  I t J JtK)  ♦  UO(ItJ) 

77  CONTINUE 

CALL  MATML  (UD(ltl)t  4*  4«  It  It  NHt  NHt 
■*  UEdiltK)*  4t  4i  It  It  NHt 

•  UC(ltltK) t  4*  4t  It  It  A) 

00  54  I*i«  i 

II  *  I  ♦  NH 
SUM  s  ZB(ItK) 

DO  55  J  *  It  NH 
JJ  *  J  ♦  NH 

SUM  «  SUM  -  UC(ItJtK)#ZA(JtK)  ♦  D ( I I t JtK) *THY (JtK)  ♦ 

•  D(IItJJtK)*TRY(JJtK) 

55  CONTINUE 
ZB(ItK)  *  SUM 

54  CONTINUE 

56  CONTINUE 

59  00  57  I* i tNH 

I I*I>NH 

ZB(ItNF)  >  ZBU.NF)  ♦  68(11) 

57  CONTINUE 

DI AG*UC (1 t 1 tNF  )*UC(2»2tNF  )*UC(3t3tNF  ) 

IF (NOE  .EQ.  6)  60  TO  575 
0IA6  *  DlA6«UC(4t4tNF) 

575  CONTINUE 

IFUNTVAL  .EQ.  0)  60  TO  500 
WRITE  (6*424) 

MRITE(6t9U8>  ( (UC(ItJ.NF) »  J  ■  it  4)t  I  «  it  NH) 

500  CALL  INVERT  (UCUtltNF  )  tNHt4tOETt  ISCAL) 

IFUNTVAL  .EQ.  0)  60  TO  505 
WRITE  (6t 302)  OEftOIAG 
505  OETC(NF)  *  DET 

IFUNTVAL  .EQ.  0)  60  TO  510 
WRlTE(6t425)  (OETEIT),  I  «  i,  nF ) 

WRltE(6t426)  (OETCU)t  I  3  I,  NF) 

C  AT  THIS  POINT  UM  CONTAINS  THE  FUNDAMENTAL  VARIABLES  AT  THE  END  OF 
C  EACH  PART  AND  THt  BEGINNING  OF  THE  FIRST  PART. 

510  DETERM(NN)  *  OET 
DO  t 9  Isi tNH 
I l»I*NH 

OM(IItNFP)  *  0.0 
79  CONTINUE 

DO  810  J  *  It  NF 
KsNFP-J 
DO  84  IsltNH 
I I*I*NH 

ZB(I»K)  «  ZB(ltK)  ♦  UMUI.K  ♦  1) 

84  CONTINUE 

CALL  MATML  (UC(itltK)t  4t  4t  It  It  NHt  NHt 

•  ZB(itK)t  4t  It  it  It  It 

•  DM(ltK  ♦  1) t  8t  it  it  it  A) 

00  85  1*1 tNH 

ZAUtK)  *  ZA(itK)  ♦  0M(ItK  ♦  1) 

85  CONTINUE 
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CALL  MATML  (UE(l*l*K)t  4*  4f  1*  1*  NHt  NHt 

•  ZA(ltK) •  4#  i*  1*  1*  1* 

•  DM ( 1 *K) *  8*  1*  NH  ♦  It  1*  A} 

010  continue 

DO  98  1*1 »NH 
II=I*NH 

DMdI.NFP'  *  68(11) 

OM(ltl)  *  6A ( I ) 

98  CONTINUE 
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ABBREVIATIONS  AND  SYMBOLS 


t  Thickness  of  U-shaped  bellows,  in. 

c  One-half  of  the  convolution  depth  of  U-shaped  bellows,  in. 
b  Local  radius  of  torus  segment,  in. 

5  Average  bellows  radius,  in. 

L  Live  length  of  bellows,  in. 

6  Amount  of  axial  compression  imposed  on  bellows,  in. 

E  Modulus  of  elasticity,  psi 

V  Axial  spring  constant,  lb/in. 

p  Internal  pressure,  psi 

r  Radial  distance  from  axis  of  revolution  to  point  on  bellows  or  diaphragm,  in. 
00  Meridional  surface  stress,  psi 
0q  Circumferential  surface  stress,  psi 
y  Chord  angle  of  welded  bellows,  deg 

f  Angle  of  tilt  for  welded  bellows  convolution  ends,  deg 
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PARAMETER  ANALYSES 


During  the  research  program,  analyses  were  made  of  the  changes  in  stress  caused 
by  variations  in  selected  parameters  of  formed  bellows,  diaphragms,  and  welded  bellows. 
The  results  of  much  of  this  work  are  presented  in  this  appendix. 

The  results  are  described  in  four  sections:  D-I  -  Parametric  Analysis  of  One-Ply 
Formed  Bellows;  D-II  -  Analysis  of  Effects  of  Small  Variations  in  the  Formed  Bellows 
Convolution  Dimensions;  D-HI  -  Parametric  Analysis  of  Corrugated  Diaphragms;  D-IV  - 
Parametric  Analysis  of  Welded  Bellows. 


D-I.  Parametric  Analysis  of  One-Ply  Formed  Bellows 


The  computing  program  MOLSA  (described  in  Appendix  A)  was  used  to  carry  out 
theoretical  analyses  of  stresses  in  single-ply  formed  bellows  of  different  configurations 
subjected  to  internal  pressure  or  to  axial  extension.  It  was  decided  to  limit  the  param¬ 
eter  study  to  U-shaped  bellows  and  semitoroidal  bellows  with  equal  inner  and  outer  to¬ 
rus  radii.  The  U-shaped  bellows  had  flat  annular  sections  (normal  to  the  bellow  axis) 
which  connected  the  toroidal  segments.  Shapes  with  unequal  inner  and  outer  torus  radii 
or  conical  segments  instead  of  flat-plate  segments  were  not  considered,  although  it  was 
recognized  that  actual  bellows  may  have  such  variations  in  convolution  shape.  To  be 
practicable,  the  parametric  study  was  restricted  to  a  study  of  the  effects  of  variation  in 
only  a  few  major  parameters. 

The  convolution  shape  of  the  U-shaped  bellows  may  be  specified  by  the  four  param¬ 
eters  shown  in  Figure  D-l.  These  parameters  are  the  thickness  t,  convolution  depth  2c, 
torus  radius  b,  and  the  average  bellows  radius  R.  When  the  number  of  convolutions  or 
the  overall  free  length  of  the  bellows  is  specified  in  addition  to  the  four  parameters,  the 
bellows  is  completely  dimensioned. 

It  is  possible  to  group  the  parameters  so  that  the  shape  of  the  bellows  maj  be  deter¬ 
mined  by  three  dimensionless  ratios.  The  ratios  chosen  for  this  study  were  c/R,  t/R, 
anb  b/c.  The  first  of  these  ratios,  together  with  the  value  of  R  and  the  bellows  length  L, 
establishes  the  envelope  of  the  bellows.  The  second  ratio  describes  the  relative  thick¬ 
ness  of  the  bellows,  and  the  third  ratio  establishes  the  shape  of  the  convolution. 

It  is  noted  that  the  absolute  values  of  R  and  L  must  be  specified  in  addition  to  the 
values  of  the  three  ratios  in  order  to  fix  the  absolute  size  of  a  given  bellows.  However, 
results  were  determined  in  the  form  of  dimensionless  ratios  and  it  is  possible  to  calcu¬ 
late  relative  values  of  the  stresses  in  the  bellows  configurations  for  arbitrary  values  of 
R  and  L. 

It  was  noted  earlier  that  analyses  were  made  for  two  loading  conditions  —  axial 
extension  and  internal  pressure.  For  a  bellows  with  some  given  total  axial  extension,  5, 
the  relative  stresses  are  reported  as  aL/SE,  where  a  is  some  stress  component  and  E  is 
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Young's  Modulus.  A  relative  spring  rate  was  determined  from  the  results  of  the  axial 
extension  calculations  in  the  form  kL/RE  where  k  is  the  actual  spring  rate.  For  the  case 
of  an  internal  pressure  load,  p,  with  no  axial  deflection,  the  stresses  are  given  as  0/p. 
These  ratios  are  used  in  plotting  the  various  results  of  the  parametric  studies  given  be¬ 
low,  The  spring  rates  and  stresses  for  actual  bellows  can  be  easily  calculated  from  these 
quantities  when  L,  E,  5,  R,  and  p  are  known. 

It  was  decided  to  perform  the  calculations  for  configurations  given  by  three  values 
of  the  parametric  ratios.  The  values  chosen  were:  c/R  =  0.075,  0.150,  0.  2Z5;  b/c  =  0.2, 
0.  6,  1. 0;  t/R  =  0.  004,  0.  0067,  0.  02.  Figure  D-2  shows  the  convolution  shapes  corre¬ 
sponding  to  the  three  values  of  b/c.  For  certain  combinations  of  the  parameters,  the 
torus-radius-to-shell-thickness  ratio,  b/t,  is  much  smaller  than  the  ratios  for  which 
thin- shell  theory  is  generally  considered  to  be  applicable.  Therefore,  three  of  the  bel¬ 
lows  with  the  smallest  b/t  were  omitted  from  the  calculations.  The  remaining  24  bellows 
were  analyzed  using  program  MOLSA. 

Table  D-l  summarizes  in  tabular  form  the  geometric  ratios  for  the  different  cases 
considered. 

The  results  of  the  analyses  are  presented  in  different  ways.  First,  the  stress  dis¬ 
tributions  were  machine  plotted  and  are  presented  in  Figures  D-3  through  D-50.  Second, 
the  relative  spring  rates  were  determined  from  the  axial  extension  calculations  and  plot¬ 
ted  in  Figures  D-51  through  D-53  to  show  the  variation  in  spring  rate  with  variation  in 
geometrical  parameters.  Finally,  the  values  of  the  maximum  stresses  for  axial  exten¬ 
sion  and  for  internal  pressure  loading  are  plotted  against  the  geometrical  parameters  in 
Figures  D-54  through  D-69. 


Stress  Distributions 


The  stress  distributions  are  plotted  in  Figures  D-3  through  D-50  as  a  function  of 
angle  in  the  torus  sections  and  a  function  of  radius  in  the  flat-plate  sections. 

Results  for  each  separate  bellows  configuration  are  described  by  a  pair  of  graphs 
with  the  meridional  surface  stresses  for  both  axial  extension  and  internal  pressure  load¬ 
ing  on  the  first  graph  and  the  corresponding  circumferential  stresses  on  the  second  graph. 
The  ordinate  for  the  axial  extension  is  on  the  left  side  in  each  figure  and  the  ordinate  for 
the  internal  pressure  is  on  the  right. 

The  four  curves  in  each  figure  are  distinguished  in  the  following  manner:  ao  refers 
to  the  stress  on  the  outer  surface  caused  by  the  axial  extension  and  ai  to  stress  on  the 
inner  surface  caused  by  the  axial  extension,  while  the  po  and  pi  refer  to  the  stresses  on 
the  outer  and  inner  surfaces,  respectively,  caused  by  the  internal  pressure.  If  the 
results  are  needed  for  axial  compression  or  external  pressure,  the  signs  of  the  corre¬ 
sponding  stresses  must  be  changed. 

Although  these  figures  are  accurate  for  the  cases  considered,  they  are  useful 
primarily  as  a  guide  in  the  selection  of  a  satisfactory  shape  for  a  particular  loading  con¬ 
dition  and  material.  The  stresses  for  any  bellows  finally  selected  should  be  analyzed  as 
a  particular  case  unless  it  conforms  exactly  to  one  of  the  24  cases  considered. 
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The  variation  of  maximum  stresses  with  the  geometrical  parameters  is  discussed 


later. 


Spring  Rates 

An  examination  of  Figures  D-51  through  D-53  shows  that  the  bellows  stiffness  is 
most  affected  by  a  change  in  convolution  shape  (Figure  D-2)  and  decreases  as  the  shape 
is  changed  from  the  semitoroidal  (Shape  3,  b/c  =  1)  to  the  U-shaped  bellows.  A  reduc¬ 
tion  in  convolution  depth  decreases  the  stiffness  of  the  semitoroidal  bellows  (except  for 
small  c/R  in  Figure  D-53),  while  the  stiffness  of  the  U-shaped  bellows  increases  slightly 
as  the  convolution  depth  decreases. 

It  was  noted  above  that  for  some  of  the  cases  b/t  was  smaller  than  that  allowed  by 
thin-shell  theory.  The  top  half  of  Figures  D-51  through  D-53  shows  the  values  of  b/t  for 
each  of  the  bellows  configurations.  The  dashed  line  at  b/t  =  10  represents  the  minimum 
value  of  b/t  usually  taken  to  be  the  limit  of  thin-shell  theory.  It  is  seen  that  b/t  is 
smaller  than  10  for  a  number  of  the  bellows.  However,  the  calculated  spring  rates  seem 
to  be  reasonable  except  perhaps  for  the  semitoroidal  bellows  with  t/R  =  0.  02  and  c/R  = 
3.075,  Shape  3  in  Figure  D-53. 


Maximum  Stresses 


As  shown  in  Figures  D-54  through  D-56,  the  maximum  stresses  in  the  bellows 
under  axial  loading  also  decrease  with  convolution  depth  for  the  semitoroidal  bellows  and 
tend  to  increase  slightly  with  decreasing  convolution  depth  for  the  U_ shaped  bellows.  The 
maximum  stress  for  the  semitoroidal  bellows  for  t/R  =  0.02  and  c/R  =  0.  075  correspond¬ 
ing  to  small  b/t  may  also  be  too  high. 

The  maximum  stress  calculated  for  each  of  the  bellows  under  axial  loading  occurred 
in  the  meridional  direction  and  was  found  on  the  inner  bellows  surface.  This  can  be  con¬ 
firmed  by  an  examination  of  Figures  D-3  through  D-50.  In  contrast,  the  maximum  stress 
for  some  of  the  bellows  configurations  under  internal  pressure,  plotted  in  Figures  D-57 
to  D-59,  was  found  to  occur  in  the  circumferential  direction. 

Because  of  this  difference  in  the  direction  of  the  maximum  stresses,  for  the  differ¬ 
ent  pressurized  bellows,  in  addition  to  the  plots  of  maximum  stress  given  in  Figures 
D-57  through  D-59,  the  maximum  stresses  are  summarized  in  Table  D-2.  This  table 
gives  the  actual  maximum  surface  stresses  with  proper  sign  on  both  inner  and  outer  sur¬ 
faces  and  in  both  meridional  and  curcumferential  directions. 

An  examination  of  Table  D-2  shows  that  pressure  in  the  deep  U-shaped  bellows 
(Shape  1)  results  in  significant  bending  stresses  in  the  circumferential  direction.  This 
can  be  seen  from  the  different  signs  for  the  stresses  on  the  inner  and  outer  surfaces.  In 
the  intermediate  bellows  and  the  semitoroidal  bellows  (Shapes  2  and  3),  the  predominant 
stresses  in  the  circumferential  direction  are  membrane  stresses.  In  the  meridional 
direction  the  bending  stresses  predominate  for  all  of  the  cases. 

The  maximum  absolute  value  of  the  stress  for  each  of  the  cases  is  denoted  by  an 
asterisk  in  Table  D-2.  It  can  be  seen  from  this  table  that  absolute  maximum  stresses  for 
all  of  the  bellows  of  Shape  1  are  negative  meridional  stresses  on  the  outer  surface  of  the 
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bellows.  For  all  but  two  of  the  bellows  of  Shape  2,  the  absolute  maximum  stresses  are 
positive  meridional  stresses  on  the  outer  surface.  For  every  bellows  of  Shape  3,  the 
maximum  stresses  are  positive  circumferential  stresses  on  the  outer  surface. 

The  reason  for  the  two  exceptional  cases  for  bellows  Shape  2  can  be  explained  by 
referring  to  the  figures  giving  the  meridional  stress  distributions  for  Shape  2  (Figures 
D-5,  D-ll,  D-17,  etc.  ).  From  these  figures  it  is  seen  that  in  most  of  the  bellows  of 
Shape  2,  the  pressure  stress  on  the  outer  surface  at  the  root  of  the  bellows  is  negative 
and  very  nearly  as  large  as  the  positive  maximum  stress  on  the  outer  surface  near  the 
center  of  the  bellows.  In  the  two  exceptional  cases  (shown  in  Figures  D-21  and  D-41), 
the  stresses  at  the  root  were  slightly  larger  in  magnitude  than  the  stresses  at  the  center 
of  the  bellows. 

Figures  D-57  through  D-59  show  the  effect  of  the  convolution  depth  on  the  absolute 
value  of  maximum  stress  for  the  different  shapes  and  thickness.  It  is  interesting  to  note 
that  the  absolute  value  of  stress  increases  almost  linearly  with  the  convolution  depth  in 
the  range  of  values  considered. 


D-II.  Analysis  of  Effects  of  Small  Variations  in  the 
Formed-Bellows  Convolution  Dimensions 


One  of  the  major  objectives  of  the  research  program  was  the  development  of  an  ap¬ 
proach  to  the  theoretical  analysis  of  bellows  that  would  give  accurate  predictions  of  the 
stresses  and  deformations  of  bellows  of  any  type.  In  developing  this  approach,  it  was 
necessary  to  determine  how  closely  the  actual  bellows  had  to  be  modeled  mathematically 
both  as  to  cross-sectional  shape  and  thickness  variation  in  order  to  obtain  accurate  pre¬ 
dictions  of  the  bellows  characteristics.  As  a  part  of  this  investigation,  theoretical  anal¬ 
yses  were  made  to  determine  variations  in  the  stresses  in  a  5-inch  bellows  due  to  small 
variations  in  the  cross-sectional  shape.  The  effect  of  thickness  variation  on  the  stress 
state  in  a  3-inch  formed  bellows  was  also  investigated.  Although  the  analysis  of  the 
3-inch  bellows  is  described  later  in  Appendix  E,  the  results  of  the  analyses  in  both  the 
5-inch  bellows  and  the  3-inch  bellows  are  discussed  together  in  this  Appendix. 

Specimens  of  both  the  5-inch  and  3-inch  formed  bellows  were  encapsulated,  cross 
sectioned  and  microscopically  measured  following  the  procedures  outlined  in  Appendix  P. 
These  measurements  were  used  to  construct  mathematical  models  which  were  then  ana¬ 
lyzed  with  the  computing  pregram  NONLIN  (described  in  Appendix  C). 

Using  measurements  from  several  convolutions  of  the  encapsulated  and  sectioned 
5-inch  bellows,  four  mathematical  models  were  chosen  to  represent  typical  variations  in 
the  convolution  shapes.  In  addition,  two  mathematical  models  were  considered  which  had 
the  shape  of  the  actual  bellows.  For  one  of  these  models,  a  constant  thickness  of  0.  010 
inch  was  assumed.  In  the  other  model,  the  thickness  was  taken  to  be  the  actual  variable 
thickness  measured  in  the  bellows. 

The  following  paragraphs  describe  the  different  mathematical  models  and  the  theo¬ 
retically  calculated  stresses  obtained  for  each  5-inch  bellows  model.  Poiss  in's  ratio 
was  assumed  to  be  0.3  and  Young's  Modulus  was  assumed  to  be  29  x  10^  psi. 
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Convolution  Variation  No.  1 


Since  the  radii  of  the  convolution  roots  were  fairly  uniform,  a  root  radius  of  0.  063 
inch  was  used  in  all  four  convolution  variations.  The  angles  of  the  conical  sections 
varied,  however,  and  the  curvature  of  the  convolution  crowns  was  somewhat  elliptical. 
Consequently,  in  Variations  1-5  the  modeling  of  these  irregular  features  constituted  the 
differences  in  the  selected  variations.  In  these  variations,  a  constant  thickness  of  0.  010 
inch  was  assumed.  Finally  in  Variation  No.  6,  the  variable  thicknesses  we.e  also 
included. 

For  Convolution  Variation  No.  1,  the  smallest  average  angle,  5  degrees,  was  selec¬ 
ted  for  the  conical  section.  A  crown  radius  of  0.  071  inch  was  selected  because  this  was 
judged  to  approximate  the  centerline  of  the  outermost  curvature  of  the  elliptical  shape,  as 
shown  in  Figure  D-60. 


Convolution  Variation  No.  2 


For  Convolution  Variation  No.  2,  the  5-degree  conical  angl  j  was  combined  with  a 
convolution  crown  radius  of  0.  085  inch.  This  radius  was  chosen  to  approximate  the  cen¬ 
terline  of  the  entire  elliptical  section,  as  shown  in  Figure  D-61. 


Convolution  Variation  No.  3 


Convolution  Variation  No.  3  (Figure  D-62)  is  the  same  as  No.  2  except  that  the  cone 
angle  was  increased  to  7°  10  .  The  convolution  root  radius  of  0.  063  inch  and  the  convolu¬ 
tion  crown  radius  of  0.  085  inch  were  used  with  the  number  of  convolutions  and  the  length 
of  the  bellows  to  calculate  the  average  cone  angle  of  7°  10  .  Except  for  modeling  the  ac¬ 
tual  shape  of  the  convolution  crown,  this  approach  was  thought  to  be  the  most  represen¬ 
tative  of  an  average  bellows. 


Convolution  Variation  No.  4 


For  Convolution  Variation  No.  4  (Figure  D-63),  the  largest  average  cone  angle  of 
8  degrees  was  combined  with  a  convolution  crown  radius  of  0.  085  inch. 


Convolution  Variation  No.  5 


For  Convolution  Variation  No.  5,  the  exact  cross-sectional  shape  was  modeled. 
This  shape  is  shown  as  the  solid  line  in  Figures  D-60  through  D-63. 


Convolution  Variation  No.  6 


For  Convolution  Variation  No.  6  the  mathematical  model  used  both  the  exact  shape 
and  the  exact  thickness  variation.  The  measured  thickness  varied  from  0.0099  inch  at 
the  convolution  root  to  0.  0093  inch  at  the  convolution  crown. 
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Effects  on  Stresses  of  the  Convolution  Variations 


In  each  of  the  5-inch  models  considered,  the  maximum  meridional  stresses  for 
both  pressure  and  deflection  loading  occurred  at  the  convolution  roots  and  crowns.  The 
locations  of  the  maximum  circumferential  stresses  were  sometimes  at  the  root  and  crown 
and  sometimes  displaced  from  these  points.  However,  since  the  meridional  stresses 
were  always  significantly  larger  than  the  circumferential  stresses,  the  convolution  roots 
and  crowns  were  selected  as  the  most  critical  stress  locations. 

Tables  D-3  and  D-4  show  the  stresses  calculated  at  the  crowns  and  roots  for  the  dif¬ 
ferent  5-inch  models  of  JD92  using  the  computing  program  NONLIN.  An  examination  of 
these  results  shows  that  the  deflection  stresses  are  sensitive  r.o  changes  in  shape,  while 
the  pressure  stresses  are  sensitive  to  changes  in  thickness  but  relatively  insensitive  to 
small  changes  in  shape.  For  the  deflection  stresses,  two  specific  effects  were  noted: 

(1)  An  increase  in  the  convolution  crown  radius  (see  Convolution  Variations 
Nos.  1  and  2)  results  primarily  in  an  increase  in  the  meridional  deflec¬ 
tion  stress  at  the  convolution  root,  and  a  decrease  in  the  meridional 
pressure  stress  at  the  convolution  crown. 

(2)  An  increase  in  the  cone  angle  increases  the  meridional  deflection  stresses 
at  both  the  convolution  root  and  the  convolution  crown. 


Comparison  of  Stresses  in  the  5-lnch  Bellows 
With  the  Parametric  Models 


Strictly  speaking,  the  parametric  analyses  of  the  formed  mellows  described  earlier 
were  applicable  only  to  semitoroidal  and  U-shaped  bellows  with  flat-plate  sections.  How¬ 
ever,  the  usefulness  of  these  parametric  curves  would  be  considerably  enhanced  if  they 
could  be  used  to  obtain  the  approximate  magnitude  and  distribution  of  the  stresses  in  other 
formed  bellows  without  the  cost  of  a  bellows  analysis.  Therefore,  a  check  was  made  to 
determine  whether  the  parametric  curves  could  be  used  to  obtain  approximate  values  of 
the  stresses  in  the  5-inch  bellows. 

Table  D-5  shows  the  nominal  dimensions  of  the  5-inch  bellows  which  were  supplied 
by  the  manufacturer  and  the  values  of  the  bellows  parameters  t,  C,  R,  and  b.  Table  D-6 
shows  the  parametric  ratios  of  this  bellows  as  well  as  the  ratios  of  the  mosc  similar 
parametric  model.  The  stresses  for  this  parametric  model  are  plotted  in  Figures  D-5 
and  D-6.  Comparing  these  figures  with  the  results  given  in  Tables  D-3  and  D-4  shows 
that  while  the  pressure  stresses  predicted  by  the  parametric  model  are  reasonably  close 
to  the  stresses  for  the  actual  bellows,  the  deflection  stresses  are  considerably  under¬ 
estimated.  This  is  another  indication  of  the  significant  effect  of  shape  on  the  deflection 
stresses  in  bellows. 


For  further  comparison,  the  meridional  and  circumferential  stress  distributions 
for  Convolution  Variation  No..  3  are  plotted  in  Figures  D-64  and  D-65  in  the  same  format 
used  for  the  parametric  models.  A  comparison  of  these  figures  with  Figures  D-5  and 
D-6  shows  that  the  parametric  curves  approximated  from  the  nominal  bellows  dimensions 
show  a  fairly  good  agreement  with  the  location  and  magnitude  of  the  meridional  pressure 
stresses  in  the  variation.  While  the  distribution  of  the  meridional  deflection  stresses 
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was  similar  in  both  configurations,  the  stresses  were  significantly  higher  in  Variation 
No.  3  than  in  the  parametric  model.  Although  a  comparison  of  Figures  D-5  and  D-6 
withD-64  and  D-65  shows  some  points  of  similarity  for  the  circumferential  stresses, 
in  general,  there  is  little  agreement  between  the  stresses  for  the  two  models. 

Appendix  E  gives  a  comparison  of  the  stresses  calculated  from  the  exact  mathe¬ 
matical  model  of  the  3- inch  bellows  (including  varying  thickness)  and  three  models  with 
the  same  cross-sectional  shape  but  with  three  different  constant  thickness  values. 
Figures  E-5  through  E-20  show  parts  of  the  stress  distributions  calculated  in  the  bel¬ 
lows.  These  figures  indicate  that  small  variations  in  thickness  have  a  significant 
effect,  particularly  on  the  pressure  stresses. 

As  a  result  of  the  analyses  of  the  3-inch  and  5- inch  bellows,  it  is  clear  that  in 
order  to  obtain  a  reliable  prediction  of  the  stresses  and  deformations  of  a  given  bellows, 
the  bellows  cross  section  must  be  accurately  modeled.  This,  of  course,  requires  that 
the  actual  thickness  variation  must  be  used.  These  conclusions  were  strengthened  by 
the  results  of  the  theoretical  and  experimental  analyses  performed  on  all  of  the  bellows 
and  diaphragms  in  this  program.  The  procedures  for  measuring  the  cross-sectional 
shape  and  thickness  variations  of  the  bellows  are  described  in  Appendix  P.  The  com¬ 
puter  program  for  performing  the  theoretical  analyses  is  described  in  Appendixes  B 
and  C. 


D- III.  Parametric  Analysis  of  Corrugated  Diaphragms 


The  primary  objective  of  this  analysis  was  to  obtain  a  detailed  picture  of  the 
stress  distribution  and  the  displacement  characteristics  for  several  possible  diaphragm 
shapes.  In  this  way,  possible  improvements  in  the  design  of  diaphragms  could  be 
envisioned. 

Since  an  infinite  number  of  variations  in  the  corrugation  shapes  could  have  been 
tried,  the  decision  was  made  to  limit  the  study  to  shapes  which  were  representative  of 
possible  types  of  configurations.  In  addition,  in  order  to  isolate  the  effect  of  changes 
in  the  corrugation  shapes,  a  single  corrugation  v/as  used  for  each  model.  The  four 
shapes  chosen  for  study  and  the  related  stress  distributions  are  shown  in  Figures  D-66 
through  D- 73. 

The  diaphragms  had  the  same  shape  from  the  centerline  to  a  radius  of  0.  85  inch. 
The  shape  from  0.  85  inch  to  1.  0  inch  was  designed  such  that  it  consisted  of  two  toroidal 
sections  which  were  tangent  to  the  flat  plate  section  at  r  =  0.  85  inch,  and  tangent  to  the 
outer  corrugation  at  r  =  1,  00  inch.  Because  the  four  shapes  of  outer  corrugations  had 
different  tangents  at  r  =  1.00  inch,  this  restriction  necessarily  produced  different  con¬ 
figurations  for  the  diaphragms  in  the  range  0.  85  =  r  *  1.  00.  In  order  to  have  a  basic 
configuration  with  which  to  compare  these  diaphragms,  a  flat  plate  diaphragm  (Figures 
D-  74  and  D-75)  was  also  studied.  The  thickness  of  all  diaphragms  was  0.  005  inch  ex¬ 
cept  for  the  center  pad  which  was  0.  10  inch.  Poisson's  ratio  was  taken  as  0.  3  and  the 
modulus  of  elasticity  as  30  x  106  psi.  The  direction  of  the  pressure  is  shown  in  Figure 
D-66. 


To  determine  if  a  nonstandard  shape  bad  better  characteristics  than  a  standard 
shape,  a  semitoroidal  corrugation  (Figure  D-66)  commonly  used  in  diaphragm  design 
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was  chosen  for  study  and  comparison  with  the  somewhat  nonstandard  shapes  shown  in 
Figures  D- 68  through  D-72. 

Since  many  diaphragms  respond  nonlinearly  with  increasing  pressure,  calcula¬ 
tions  were  performed  with  both  Program  MOLSA  and  Program  NONLIN. 

Table  D-7  summarizes  the  results  for  the  relative  deflection  of  the  center  of  the 
diaphragms  for  the  linear  and  nonlinear  calculations  for  p  =  1.  75  psi.  The  results  show 
that  an  accurate  estimate  of  diaphragm  behavior  requires  a  nonlinear  calculation 
procedure. 

The  center  deflection  caused  by  an  increasing  pressure  is  shown  in  Figure  D-76. 
The  numbers  on  each  line  correspond  to  the  five  diaphragms.  For  lower  pressures, 
the  flat -plate  diaphragm  (Line  No,  5  in  Figure  D-76)  produced  more  deflection,  but  for 
larger  pressures  its  advantage  quickly  disappeared.  The-  limited  effectiveness  of  the 
flat-plate  diaphragm  is  further  evidenced  by  examining  Figure  D-75  in  which  the  outer- 
surface  normal  stress  is  shown  for  the  region  0.  85  =  r  =  i,25.  The  solid  line  gives  the 
relative  stress,  0^/ p,  obtained  from  the  nonlinear  calculations  for  p  =  1.75  psi.  The 
broken  line  gives  the  relative  stress,  00/p,  for  the  linear  calculations.  ’Note  the  high 
stress  at  the  outer  boundary.  This  condition  only  occurs  for  the  flat-plate  diaphragm. 
Figures  D-67,  D-69,  D-71,  and  D-73  show  the  relative  surface  stresses  for  the  dif¬ 
ferent  diaphragm  shapes.  These  stresses  are  superposed  on  the  shape  of  the  diaphragm 
so  that  the  diaphragm  cross  section  corresponds  to  a  zero  stress  level  with  tensile 
values  being  plotted  above  the  line  and  compressive  stresses  below.  Diaphragms  Nos.  1 
through  4  produce  relative  stresses  of  5000  or  less  at  the  outer  boundary,  whereas 
Diaphragm  No.  5  shows  a  value  of  18,  000. 

Figure  D-76  indicates  that  the  most  promising  corrugation  shape,  based  on  a 
deflection  comparison,  is  Diaphragm  No.  4.  Diaphragms  Nos.  1  and  3  show  some 
promise  since  the  slopes  of  the  deflection- pres  sure  curves  are  changing  gradually.  The 
decreasing  slope  of  the  curve  for  Diaphragm  No.:  2  shows  that  less  deflection  will  be 
produced  with  increasing  pressure.  Thus,  on  the  basis  of  Figure  D-76,  the  diaphragms 
which  should  be  considered  are  Nos.  1,  3,  and  4,  It  is  noted  that  Diaphragm  No.  4 
(Figure  D-73)  also  offers  the  best  stress  profile. 

An  examination  of  the  stress  distribution  shows  that  there  is  a  stress  reversal  in 
the  outer  convolutions  at  the  middle  of  the  convolution.  In  No.  4,  this  occurs  at  the 
intersection  of  the  cone  segments  as  shown  in  Figure  D-73.  Thus,  the  corner  does  not 
act  as  a  stress  raiser.  The  introduction  of  the  flat-plate  sections  in  Nos..  2  and  3  moves 
the  corners  to  regions  where  there  are  significant  bending  stresses. 

Thus,  it  appears  that  although  the  conical-segment  convolution  has  abrupt  changes 
in  slope,  these  discontinuities  are  located  at  regions  of  zero  stress.  This  may  be  the 
reason  for  good  fatigue  life  reported  in  the  literature  for  some  aneroid  capsules  made 
of  conical  segments. 

On  the  basis  of  this  study  it  appears  that  a  diaphragm  incorporating  conical  seg¬ 
ments  shows  promise  of  giving  increased  deflection  capabilities. 
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D-IV.  Parametric  Analysis  of  Welded  Bellows 


A  thorough  parametric  analysis  of  welded  bellows  could  be  a  monumental  task 
since  the  number  of  parameters  which  would  have  to  be  investigated  is  significantly 
greater  than  that  required  for  the  formed  bellows  study.  In  addition  to  this,  a  limited 
parametric  study  performed  by  Bell  Aerosystems^-  1,  D-2)*  shows  that  there  is  so 
much  interaction  between  parameters  that  the  author  concluded,  "the  strong  influence 
of  various  individual  geometric  parameters  and  their  apparent  complex  coupling  effects 
on  the  stress-deflection  relationships  of  welded  bellows  has  been  demonstrated.  The 
folly  of  using  approximate  formulas,  such  as  bending  of  flat  plates,  to  calculate  these 
relationships  is  clearly  indicated.  " 

The  approach  taken  during  the  Battelle  research  program  was  to  attempt  to  find, 
through  selected  theoretical  analyses,  a  welded  bellows  configuration  which  would 
reduce  the  stress  in  the  vicinity  of  the  convolution  root  and  crown. 

A  survey  of  the  manufacturers'  literature  and  technical  reports  on  welded  bellows 
indicated  that  in  the  majority  of  designs,  the  fl<  t  portion  of  the  diaphragm  was  perpen¬ 
dicular  to  the  bellows  axis  and  the  area  in  the  vicinity  of  the  weld  bead  was  the  most 
highly  stressed  region  of  the  diaphragm.  Exploratory  theoretical  analyses  showed  that 
these  zones  were  indeed  regions  of-maximum  stress  for  both  deflection  and  pressure 
loading.  The  regions  near  the  welds  include  possible  heat-affected  zones  in  which  the 
characteristics  of  the  bellows  material  may  have  been  changed  by  the  welding  process. 
Further,  the  notch  at  the  inner  surface  of  the  weld  can  act  as  a  stress  raiser.  Thus  it 
would  appear  desirable  to  alter  the  design  of  welded  bellows  to  reduce  the  stresses  in 
the  vicinity  of  both  the  root  and  crown  welds. 

Since  there  appeared  to  be  no  manufacturing  reason  why  the  flat  portion  of  the 
diaphragm  has  to  be  perpendicular  to  the  bellows  axis,  the  welded-bellows  study  was 
directed  toward  determining  whether  a  tilted  flat  section  would  provide  a  better  stress 
pattern  than  a  bellows  which  had  a  flat  section  perpendicular  to  the  bellows  axis.  (This 
direction  of  research  was  suggested  in  part  by  the  results  of  the  diaphragm  analyses 
where  conical  shapes  show  advantage  over  flat  plates.) 

The  study  progressed  in  three  steps.  First,  a  number  of  single-sweep  bellows 
were  analyzed  to  investigate  gross  changes  in  the  stress  pattern  for  different  tilt 
angles.  Next,  a  series  of  three-sweep  bellows  were  studied  to  determine  the  effect  of 
tilting  the  flats  of  a  more  realistic  bellows.  Since  the  results  proved  very  promising, 
the  third  step  was  to  investigate  the  possibility  of  obtaining  an  "optimum"  bellows,  at 
least  for  the  size  being  studied.  The  remainder  of  the  appendix  describes  mess  three 
steps  in  detail. 


Variations  in  lilt  Angle  of  a  Single-Sweep  Welded  Bellows 

Initially  the  study  was  concerned  with  the  effect  of  tilt-angle  changes  on  the  stress 
distribution  throughout  the  leaves  for  a  single- sweep  bellows  whicn  had  an  inside  radius 
of  1.  5  inches  and  a  span  of  0,5  inch.  The  nomenclature  used  in  describing  the  mathe¬ 
matical  models  is  shown  in  Figure  D-77,  rhe  four  variations  investigated  are  shown  in 

•  References  for  Appendix  D  are  listed  on  page  D-I5. 
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Figures  D-78  through  D-81,  The  mathematical  model  of  each  bellows  consisted  of  six 
leaves  so  that  the  stresses  in  the  third  and  fourth  leaves  would  not  be  affected  by  the 
rotational  restraint  at  the  boundaries.  Table  D-8  gives  the  dimensions  of  the  mathemat¬ 
ical  models.  As  indicated  in  Table  D-9,  each  model  had  an  upper  chord  angle  of 
7  =  15  degrees.  The  lower-leaf  chord  angle  varied  from  15  to  0  degrees.  The  tangent 
angle  ¥  is  also  given  in  Table  D-9,  along  with  the  tilt  angle  which  is  the  mean  of  the 
upper-  and  lower-leaf  tangent  angles. 

In  order  to  assess  the  effect  of  tne  rigidity  of  the  weld  bead  at  the  junction  of  the 
leaves,  a  second  mathematical  model  was  considered.  The  model  in  this  case  consisted 
of  the  same  bellows  described  above  with  the  addition  of  cylindrical  rings  representing 
the  weld  bead  at  the  inner  and  outer  leaf  junctions.  This  model  did  not  include  the 
stress  concentration  effect  at  the  root  of  the  weld.  The  length  of  the  cylinder  was  taken 
equal  to  the  thickness  of  the  ply  (0.  006  in.  ).  In  all  cases,  the  bellows  were  subjected  to 
an  axial  load  of  2  lb/in.  on  the  outside  circumference,  shown  as  P  in  Figures  D-78 
through  D-81. 

The  meridional  inner  surface  stresses  for  the  third  and  fourth  leaves  are  shown  in 
Figures  D-82  through  D-85.  These  stresses  are  superposed  on  the  shape  of  the  leaf  so 
that  the  leaf  cross  section  corresponds  to  a  zero  stress  level.  The  solid  lines  give  the 
results  for  the  calculations  in  which  no  weld  bead  was  considered,  while  the  dotted  line 
indicates  the  stress  state  when  the  weld  bead  was  included  in  the  mathematical  model. 

An  examination  of  Figures  D-82  through  D-85  shows  that  the  weld-bead  effects  are 
greater  for  the  larger  angle  openings,  i.  e.  ,  lower  chord  angles  of  15  and  10  degrees, 
but  are  not  significant  for  the  smaller  openings  (5  and  0  degrees).  A  careful  examina¬ 
tion  of  the  stress  changes  in  the  bellows  leaves  shows  that  as  the  lower  chord  angle  is 
decreased,  the  stress  at  the  inside  radius  decreases,  while  the  stress  at  the  outside 
radius  remains  essentially  constant.  Thus  it  appears  that  a  decrease  in  the  tilt  angle  at 
the  inside  diameter  produces  a  more  favorable  stress  condition.  The  change  in  tilt 
angle  at  the  outside  diameter  has  apparently  little  effect,  at  least  for  the  single- sweep 
bellows  investigated,  on  the  stress  state  at  the  outside  diameter. 

These  results  on  single- sweep  bellows  demonstrate  the  possibility  that  an  optimum 
tilt  angle  might  exist,  giving  a  low  stress  state  near  the  weld  bead.  However,  only  one 
simple  mathematical  model  was  used  in  this  investigation.  In  welded-bellows  models 
such  as  the  single- sweep  bellows,  many  parameters  are  interdependent  so  that  a  varia¬ 
tion  in  one  parameter  necessitates  variation  in  other  parameters  as  well.  Thus,  in 
varying  the  tilt  angle  for  the  weld  juncture  in  the  above  model,  it  was  necessary  to  vary 
not  r  ily  the  chord  angle  of  the  lower  leaf,  but  also  the  radius  of  curvature  of  the  lower 
leaf.  (However,  note  from  Table  D-8  that  the  radius  of  curvature  b  varied  by  only  3.  5 
percent. )  To  obtain  more  information  on  the  effect  of  angle  changes  when  a  flat  is 
included  in  the  bellows  leaf,  it  was  decided  to  investigate  another  mathematical  model 
which  consisted  of  three  large  sweeps,  two  small  sweeps,  and  two  flats  per  leaf. 


Variations  in  the  Tilt  Angle  of  the  Flats 
of  a  Three-Sweep  Welded  Bellows 


Most  welded  bellows  are  formed  with  flat  sections  which  are  perpendicular  to  the 
bellows'  axis  at  the  root  and  crown  of  each  leaf.  These  flat  sections  allow  intimate 
contact  between  the  bellows  and  the  chill-block  rings  which  act  as  heat  sinks  t.o  keep  the 
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bellows  material  cool  during  the  welding  process.  One  example  of  bellows  of  this  type 
is  represented  by  the  3- inch  stainless  steel  welded  bellows  discussed  in  Appendix  H. 
Figure  H-2  shows  the  cross  section  of  this  bellows.  A  study  of  Figure  H-2  shows  that 
the  leaves  of  this  relatively  "standard"  bellows  can  be  characterized  as  having  interior 
regions  composed  of  four  toroidal  segments  joined  at  the  root  and  crown  to  flat  sections. 
At  both  the  root  and  crown  there  is  a  relatively  sharp  bend  in  each  leaf  at  the  junction  of 
the  flat  with  the  first  toroidal  segment.  The  theoretically  calculated  stress  distributions 
for  this  bellows  are  shown  in  Figures  H- 7  through  H-  14  of  Appendix  H.  Note  that  the 
maximum  stresses  for  both  axial  deflection  and  internal  pressure  occur  at  the  weld  bead. 
It  is  believed  that  this  is  the  most  undesirable  location  for  the  maximum  stresses  to 
occur  in  welded  bellows  because  of  the  notch  effect  at  the  weld  and  because  of  the  possi¬ 
bility  of  weakened  metal  in  the  heat- affected  zone.  As  shown  in  Figure  H-2  the  flat 
sections  of  the  3- inch  bellows  are  horizontal  (i.e.  ,  normal  to  the  bellows'  axis). 

The  results  of  the  s^udy  of  the  single- sweep  bellows  discussed  in  the  previous 
section  indicated  that  tilting  the  flat  sections  of  the  bellows  at  an  angle  other  than  90 
degrees  to  the  bellows  axis  might  lead  to  a  reduction  in  the  stresses  in  the  neighborhood 
of  the  weld.  Consequently,  a  parametric  study  was  performed  to  determine  the  effect;: 
of  tilting  the  bellows  flats. 

Two  basic  models,  similar  to  a  "standard"  three- sweep  welded  bellows,  were 
chosen  for  the  parametric  study.  The  principal  difference  between  the  two  basic  models 
was  in  the  chord  angles  of  the  bellows  leaves.  In  the  first  model  (designated  Model  No. 

1)  the  upper  and  lower  leaves  had  +5-degree  and  -  5-degree  chord  angles  respectively. 

In  the  second  model  (designated  Model  No.  2),  the  upper  leaf  had  a  +10-degree  chord 
angle,  and  the  lower  leaf  had  a  0-degree  chord  angle.  The  bodies  of  both  models  had 
three  major  toroidal  segments  and  two  small  toroidal  segments.  The  small  segments 
joined  the  major  toroidal  segments  to  the  flats  of  the  convolution  roots  and  crowns. 

Nine  cases  were  analyzed  for  each  model  in  which  the  flats  at  the  root  or  the  crown  were 
either  normal  to  the  bellows  axis  or  tilted  ±10  degrees. 

Table  D-  10  lists  the  tilt  angles  assumed  for  the  flat  sections  at  the  root  and  crown 
for  each  of  the  nine  cases  of  Models  No.  1  and  2.  (The  sar.  e  tilt  angles  were  assumed 
for  the  flats  of  both  models.  )  Figure  D-86  illustrates  the  configuration  of  Case  1  for 
Model  No.  1,  while  Figure  D-87  shows  the  cross  section  of  Case  9  for  Model  No.  2. 

Because  the  objective  of  this  study  was  to  isolate  the  effects  of  changing  the  tilt 
angles  of  the  flats,  the  three  main  toroidal  sections  were  made  identical  in  the  nine 
cases  of  each  model.  Furthermore,  the  lengths  of  the  flat  sections  of  the  upper  leaves 
were  kept  constant.  To  maintain  continuity  of  the  bellows  sections,  the  included  angle 
of  the  minor  toroidal  segments  joining  the  flats  to  the  main  toroidal  sections  was 
changed  as  the  tilt  angles  of  the  flat  were  changed.  The  lengths  of  the  flats  of  the  lower 
leaves  were  also  changed  slightly  to  maintain  continuity  with  the  upper  leaves  at  the  root 
and  crown. 

Tables  D-  1 1  and  D-  12  list  the  dimensions  of  the  mathematical  models  of  Cases  1, 

5,  and  9  for  the  two  models.  The  main  toroidal  sections  are  Parts  3  through  5  for  the 
upper  leaf,  and  Parts  10  through  12  for  the  lower  leaf.  Parts  1,  2,  13,  and  14  represent 
the  flats  and  minor  torus  sections  at  the  root,  while  Parts  6  through  9  represent  the 
flats  and  minor  toroidal  sections  at  the  crown.  The  mathematical  models  for  the  re¬ 
maining  cases  were  obtained  from  tnese  cases  by  appropriately  interchanging  the 
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specifications  of  the  minor  torus  sections  and  the  flats  at  the  root  and  crowns  to  obtain 
the  appropriate  flat  angles. 

The  nine  cases  were  analyzed  for  both  axial  compression  and  internal  pressure. 

A  unit  axial  deflection  per  unit  length  of  bellows  was  assumed  for  axial  compression, 
while  the  pressure  load  was  assumed  to  be  1  psi.  In  order  to  reduce  the  effect  of  the 
end  conditions  on  the  stresses,  two  complete  convolutions  (four  leaves)  were  analyzed, 
and  only  the  stresses  on  the  middle  two  leaves  were  considered.  All  calculations  were 
made  according  to  linear  elastic  shell  theory. 

Table  D-13  gives  the  outer  surface  meridional  and  circumferential  stresses  at  the 
root  and  crown  for  the  axial  compressive  loading  and  internal  pressure  in  Model  No.  1. 
Table  D- 14  shows  the  same  stresses  for  Model  No.  2. 

An  examination  of  Table  D-13  shows  that  as  the  angle  of  tilt  of  Parts  8  and  14  was 
reduced,  that  is,  as  Part  8  slanted  down  to  the  left  and  Part  14  slanted  down  to  the 
right,  a  significant  reduction  in  both  the  meridional  and  circumferential  stresses  was 
achieved.  Similar  reductions  for  the  internal  pressure  loading  are  also  shown  in 
Table  D-13. 

Table  D- 14,  which  gives  the  stresses  in  Model  No.  2,  shows  a  similar  reduction 
in  the  stresses  for  a  change  on  the  tilting  of  Parts  8  and  14.  However,  the  optimum 
configuration  was  no  longer  Case  9  but  Case  7,  The  reason  for  this  was  that  a  change 
the  tilt  angle  of  the  flats  at  the  root  had  a  significant  effect  on  the  stresses  at  the 
bellows  crown  for  Model  No.  2.  For  Model  No.  1,  there  was  almost  no  interaction. 

This  is  shown  in  Table  D-13,  by  comparing  Cases  1,  2,  and  3,  or  4,  5,  and  6,  or  7, 

8,  and  9  for  the  crown  stresses.  For  example,  the  tilt  angle  at  the  crown  was  constant 
at  10  degrees  for  Cases  1,  2,  and  3,  and  the  crown  stresses  were  nearly  constant  as  the 
tilt  angle  varied  at  the  root  from  -10  degrees  to  +10  degrees. 

In  Figures  D-88  through  D-99  the  linear  meridional  circumferential  outer  surface 
stresses  due  to  both  axial  loading  and  internal  pressure  are  shown  for  the  upper  and 
lower  leaves  of  Model  No.  1.  Figures  D-100  through  D-lll  show  the  same  stresses  for 
Model  No.  2. 

The  stresses  in  Figures  D-88  through  D-lll  are  superimposed  on  the  shape  of  the 
leaf  so  that  the  leaf  cross  section  corresponds  to  a  zero  stress  level.  The  figures  have 
been  arranged  in  the  following  manner.  Of  Figures  D-88  through  D-99  which  give  re¬ 
sults  for  Model  No.  1,  Figures  D-88  through  D-93  show  stresses  arising  from  axial 
loading,  and  Figures  D-94  through  D-99  are  concerned  with  internal  pressure.  Further, 
Figures  D-88  through  D-90  give  the  stresses  for  the  upper  leaves,  while  Figures  D-91 
through  D-93  give  the  stresses  for  the  lower  leaves.  This  sequence  is  followed  for 
Model  No.  2  in  Figures  D-  100  through  D-lll. 

An  examination  of  Figures  D-88  through  D-93  clearly  shows  that,  for  Model  No.  1, 
the  angle  which  the  flat- plate  portions  make  with  the  bellows  centerline  has  a  significant 
effect  on  the  stress  level  in  the  vicinity  of  the  weld  bead.  The  stresses  due  to  internal 
pressure  are  similarly  dependent  on  the  tilt  angle  of  the  flat- plate  segments  of  the 
bellows. 

Model  No.  2  was  studied  to  assess  the  effect  of  changes  in  the  chord  angle.  The 
individual  leaves  of  Model  No.  2  have  the  same  shape  as  the  leaves  of  Model  No.  1,  but 
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they  are  rotated  5  degrees  in  a  counterclockwise  direction:  the  10-degree  angle  between 
the  chords  of  the  upper  and  lower  leaves  was  maintained.  The  stress  results  for  Model 
No.  2  are  shown  in  detail  for  Cases  1,  5,  and  9  in  Figures  D-100  through  D-lll.  A  simi¬ 
lar  reduction  in  the  stresses  for  a  change  in  the  tilt  angle  of  the  flat  segment  is  noted. 
However,  the  optimum  case  for  this  model  occurred  when  the  inside  flat  segment  was 
sloped  10  degrees  up  to  the  left  while  the  outside  flat  was  sloped  10  degrees  down  to  the 
right  (Case  7). 

In  Table  D-15,  the  spring  rates  for  the  two  convolution  models  are  shown  for  each 
study.  Model  No.  2  was  generally  stiffer.  Case  1  gave  the  lowest  spring  rate  in  both 
models.  Model  No.  1,  Case  5,  which  approximated  a  "standard"  bellows  (the  flat-plate 
segments  were  horizontal  at  the  inside  and  outside),  was  13  percent  more  flexible  than 
Case  9,  which  gave  the  best  stress  distribution  for  Model  No.  1.  However,  for  Model 
No.  2,  the  optimum  shape,  Case  7,  was  7  percent  more  flexible  than  the  standard  shape. 
Case  5. 


Investigation  of  an  Optimum  Shape  for  a 
Three -Sweep  Welded  Bellows 


Since  the  results  of  the  preceding  section  showed  that  significant  differences  in  the 
stress  distribution  can  be  obtained  by  tilting  the  flats,  it  was  decided  to  attempt  to  find 
an  "optimum"  shape  for  the  two  bellows  just  considered.  In  this  study,  an  "optimum" 
shape  was  defined  as  one  which  had  a  negligible  stress  in  the  vicinity  of  the  weld  beads. 

To  accomplish  this  task,  the  models  shown  in  Figures  D-86  and  D-87  were  modified 
such  that  the  flats  at  the  roots  and  crown  were  tangent  to  the  adjacent  major  torus  sec¬ 
tions  and  the  minor  toroidal  sections  were  deleted  from  the  configuration.  The  resulting 
shapes  are  shown  in  Figures  D-112  and  D-113.  The  dimensions  of  the  mathematical 
models  are  given  in  Tables  D-16  and  D-17.  As  before,  the  model  used  in  the  computer 
calculations  consisted  of  two  convolutions  so  that  the  boundary  conditions  would  not  be  a 
factor  on  the  stress  distribution  on  the  middle  two  leaves. 

The  two  models  were  analyzed  according  to  linear-shell  bending  theory  for  both  an 
axial  compression  and  internal  pressure  loading.  The  relative  meridional  outer  surface 
stresses  for  the  upper  and  lower  leaves  for  these  loading  conditions  are  shown  in  Figures 
D-  1 14  through  D-  1 1 7.  The  leaf  cross  section  corresponds  to  a  zero  stress  state. 

Compared  with  the  stresses  in  Figures  D-88  through  D- 1 1 1 ,  Figures  D-  1 14  and 
D-115  show  a  dramatic  decrease  in  the  stress  level  at  both  the  convolution  root  and  crown 
fur  both  types  of  loading.  Thus,  it  appears  that  the  shape,  Figure  D-112,  chosen  for 
study  can  be  considered  optimum.  Of  course,  the  lower  stress  level  near  the  weld  beads 
is  not  achieved  without  increasing  the  stiffness  of  the  bellows.  However,  the  spring  rate 
for  this  bellows  was  137  lb/in.  which  is  only  15  percent  stiffer  than  Case  9  for  the  Model 
No.  1  and  30  percent  stiffer  than  Case  5  for  the  Model  No.  2  (standard  bellows). 

For  the  second  model  shown  in  Figure  D-113,  the  decrease  in  the  stress  level  pro¬ 
duced  by  the  new  arrangement  of  flats  is  significant  although  the  stresses  are  not  quite 
as  small  as  those  in  the  first  model  shown  in  Figure  D-112.  Figures  D-116  and  D-117 
show  the  relative  meridional  outer  surface  stresses  for  axial  compressive  and  internal 
pressure  loading,  respectively.  The  stress  level  at  the  convolution  crown  of  this  model 
could  undoubtedly  be  reduced  still  further  by  additional  modification  of  the  tilt  angle  of  the 
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flat.  At  the  convolution  root,  it  appears  that  the  optimum  tilt  angle  has  been  surpassed, 
although  the  stresses  are  low.  It  is  recalled  that  according  to  the  study  described  in  the 
preceding  section  the  most  efficient  model  for  the  O-degree  to  10-degree  bellows  was  not 
Case  9,  from  which  the  bellows  in  Figure  D-113  was  designed,  but  Case  ?.  A  careful 
comparison  of  these  stress  figures  shows  that  there  is  a  significant  amount  of  interaction 
between  the  tilting  of  the  bellows  flat,  the  cone  angle,  and  the  size  of  the  minor  toroidal 
sections.  However,  it  is  apparent  from  these  studies  that  with  a  careful  choice  of  the 
flat  angles  at  both  root  and  crown,  a  welded  bellows  can  be  designed  with  negligible  stress 
levels  in  the  vicinity  of  the  weld  beads  to  increase  the  operating  life  many  fold.  The 
slight  increase  in  stiffness,  which  usually  results  from  the  tilting  of  the  bellows  flats  can 
be  compensated  for  in  the  design.  Since  the  designer  will  have  all  of  the  information 
in  this  report,  he  can  make  the  choice  of  parameters  which  will  give  him  a  bellows  with 
the  appropriate  stiffness  for  a  required  number  of  operating  cycles. 


D-  14 


REFERENCES 


D-l.  Bell  Aerosystems  Company,  "Study  of  Zero-Gravity  Positive  Expulsion 
Techniques",  Report  No.  8230-933004,  June  .'963,  (N63-19964),  (U). 

D-2.  Bell  Aerosystems  Company,  "Study  of  Zero-Gravity  Positive  Expulsion 
Techniques",  Report  No.  8230-933007,  April  1964,  (U). 


D-  15 


TABLE  D-l.  VALUES  OF  t/R,  c/R,  AHD  b/c  USED  IN  DIFFERENT  CASES  C F  PARAMETRIC 
ANALYSIS 


Shape 

Case 

t/R 

c/fi 

fc/e 

1 

1.1 

0.004 

0.075 

0.2 

2 

1.2 

0.075 

0.6 

3 

1.3 

0.075 

1.0 

1 

l.i* 

0.150 

0.2 

2 

1.5 

0.150 

0.6 

3 

1.6 

0.150 

1.0 

1 

1.7 

0.225 

0.2 

2 

1.8 

0.225 

0.6 

3 

1.9 

0.225 

1.0 

2 

2.2 

0.0067 

0.075 

0.6 

3 

2.3 

0.075 

1.0 

1 

2.4 

0.150 

0.2 

2 

2.5 

0.150 

0.6 

3 

2.6 

0.150 

1.0 

I 

2.7 

0.225 

0.2 

2 

2.8 

0.225 

0.6 

3 

2.9 

0.225 

1.0 

3 

3.3 

0.02 

0.075 

1.0 

1 

3.1* 

0.150 

0.2 

2 

3.5 

0.150 

0.6 

3 

3.6 

0.150 

1.0 

1 

3-7 

0.225 

0.2 

2 

3.8 

0.225 

0.6 

3 

3-9 

0.225 

1.0 

TABLE  D-2.  MAXIMUM  MERIDIONAL  AND  CIRCUMFKENTIAL  STRESSES  FCR  OUTER  AND 
INNER  SURFACES  DUE  TO  INTERNAL  PRESSURE  CT  p  •  1  p»i  FCR  ALL 
CASES  ANALYZED 


T5rTSTontr***"^*Tirc!S?erantTair 


Shape 

Case 

Inner 

1 

1.1 

-64l* 

606 

-174 

199 

2 

1.2 

395* 

-395 

298 

164 

3 

1.3 

284 

-283 

330* 

201 

1 

1.4 

-2340* 

2260 

-1160 

610 

2 

1.5 

975* 

-974 

687 

465 

3 

1.6 

448 

-443 

549* 

351* 

1 

1.7 

-4170* 

3960 

-2950 

1630 

2 

1.8 

1620* 

-1620 

1070 

839 

3 

1.9 

590 

-580 

721* 

471 

2 

2.2 

-163* 

152 

124 

91 

3 

2.3 

125 

-124 

157* 

109 

1 

2.4 

-917* 

869 

-359 

229 

2 

2.5 

440* 

-1*39 

307 

191 

3 

2.6 

232 

-227 

279* 

180 

1 

2.7 

-1750* 

1670 

-1060 

559 

2 

2.8 

700* 

-696 

483 

368 

3 

2.9 

302 

-294 

365* 

242 

3 

3.3 

-17 

19 

38* 

37 

1 

3.4 

-111* 

99 

29 

35 

2 

3.5 

-75* 

-65 

l *9 

33 

3 

3.6 

52 

-50 

60* 

40 

1 

3.7 

-248* 

222 

-87 

66 

2 

3.8 

124* 

-122 

85 

56 

3 

3.9 

73 

-70 

84* 

57 

*  Indicates  maximum  stress. 
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TABLE  D-3-  MAXIMUM  MERIDIONAL  CONVOLUTION  STRESSES  FOR  FOUR  APPROXIMATE  CONVOLUTION 
VARIATIONS  AND  TWO  IMPROVED  VARIATIONS  OF  5-INCH  SINGLE- PL f  FORMED 
BELLOWS  -JD92 


Mathematical 

Model 

Relative 
Membrane 
Stress (a) 

Relative 

Bending  Stress(a), 
Outer  Surface 

Relative 
Stress(a) > 
Inner  Surface 

Relative 
Stress (a)  ) 
Outer  Surface 

Cong 

iression-Def.' action  Stresses 

Convolution  Crown 

Variation  No.  1 

+7,^63.79 

-677,252 

+684, fl6 

-669,788 

Variation  No.  2 

+8,088.53 

-671,013 

+679,102 

-662,925 

Variation  No.  3 

+8,898.54 

-700,932 

+709,830 

-692,033 

Variation  No.  4 

+9,258.62 

-713,693 

+722,956 

-704,439 

Variation  No.  5 

+7,510.31 

-644.062 

+651,572 

-636,552 

Variation  No.  6 

+7,451.85 

-644,955 

+652,406 

-637,503 

Convolution  Root 

Variation  No.  1 

+8,509.98 

+755,499 

-746,989 

+764,009 

Variation  No.  2 

+9,222.28 

+813,516 

-804,294 

+822,738 

Variation  No.  3 

+10,145.4 

+852,666 

-842,521 

+862,812 

Variation  No.  4 

+10,556.4 

+869,253 

-858,697 

+879,810 

Variation  No.  5 

+3,594.92 

+792,853 

-784,258 

+801,448 

Variation  No.  6 

+8,014.38 

+776,503 

-768,489 

+784,518 

Internal  Pressure  Stresses 

Convolution  Crown 

Variation  No.  1 

+17.0907 

-413.204 

+430.29 

-396.il 

Variation  No.  2 

+17.2103 

-374.033 

+391.24 

-356.82 

Variation  No.  3 

+17.2433 

-375.927 

+393.17 

-358.68 

Variation  No.  4 

+17.2557 

-376.571 

+393.83 

-359.32 

Variation  No.  5 

+17.8211 

-426.070 

+443.89 

-4o8.25 

Variation  No.  6 

+19.0537 

-457.496 

+476.55 

-438.44 

Convolution  Root 

Variation  No.  1 

-17.9668 

-459.961 

+441.99 

-477.93 

Variation  No.  2 

-17.8302 

-458.764 

+440.93 

-476.59 

Variation  No.  3 

-17.7927 

-458.449 

+44o . 66 

-476.24 

Variation  No.  4 

-17.7'- 80 

-458.253 

+440.48 

-476.03 

Variation  No.  5 

-18.1549 

-501.969 

+483.81 

-520.12 

Variation  No.  6 

-18.6447 

-533.292 

+514.65 

-551.94 

(a)  To  obtain  stresses  (in  psi)  due  to  deflection,  multiply  value  by  deflection  in 
inches,  divide  by  live  length  of  bellows  in  inches  (see  page  D-2). 

To  obtain  stresses  (in  psi)  due  to  pressure,  multiply  value  by  pressure  in  psi. 
Plus  values  are  tensile  stresses;  minus  values  are  compressive  stresses. 
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TABLE  D-4.  CIRCUMFERENTIAL  CONVOLUTION  STRESSES  FOR  FOUR  APPROXIMATE  VARIATIONS 
AND  TWO  IMPROVED  VARIATIONS  OF  5-INCH  SINGLE- PLY  FORMED  BELLOWS  JD92 


Mathematical 

Model 

Relative 
Membrane . 
Stress'®) 

Relative  , 
Bending  Stress'81', 
Outer  Surface 

Relative 
Stress  (a) , 
Inner  Surface 

Relative 
Stress'®) ; 
Outer  Surface 

Compression-Deflection  Stre 

sses 

Convolution  Crown 

Variation  No.  1 

-170,788 

-203,176 

+32,388 

-373,963 

Variation  No.  2 

-212,145 

-201,304 

-10,842 

-413,449 

Variation  No.  3 

-247,034 

-210,280 

-36,755 

-457,314 

Variation  No.  4 

-261,694 

-214,109 

-47,585 

-475, 804 

Variation  No.  5 

-201,128 

-193,219 

-7,909 

-394,347 

Variation  No.  6 

-211,554 

-193,485 

-18,068 

-405,041 

Convolution  Root 

Variation  No.  1 

+182,951 

+226,650 

-43,699 

+409,601 

Variation  No.  2 

+207,616 

+244,055 

-36,439 

+451,671 

Variation  No.  3 

+247,829 

+255,800 

-7,917 

+503,629 

Variation  No.  4 

+264,651 

+260,776 

+3,875 

+525,427 

Variation  No.  5 

+183,595 

+237,856 

-54,263 

+421,449 

Variation  No.  6 

+179,993 

+232,951  -52,958 

Internal  Pressure  Stresses 

+412,944 

Convolution  Crown 

Variation  No.  1 

+39.8208 

-123.961 

+163.78 

-84.14 

Variation  No.  2 

+33.8562 

-112.210 

+146.07 

-78.35 

Variation  No.  3 

+37.1844 

-112.778 

+149.96 

-75.59 

Variation  No.  4 

+38.3877 

-II2.97I 

+151.36 

-74.58 

Variation  No.  5 

+21.8896 

-127.821 

+149.71 

•10^.93 

Variation  No.  6 

+14.6292 

-137.249 

+151.88 

-122.62 

Convolution  Root 

Variation  No.  1 

+46.3967 

-137.988 

+184.39 

-91.59 

Variation  No.  2 

+57.3028 

-137.629 

+194.93 

-80.33 

Variation  No.  3 

+60.8525 

-137.535 

+198.39 

-76.68 

Variation  No.  4 

+62.0356 

-137.476 

+199.51 

-75.44 

Variation  No.  5 

+59.6044 

-150.591 

+210.20 

-90.99 

Variation  No.  6 

+59.0096 

-159.988 

+219.00 

-IOO.98 

(a)  To  obtain  stresses  (in  psi)  due  to  deflection,  multiply  value  by  deflection  in 
inches,  divide  by  live  length  of  bellows  in  inches  (see  page  D-2). 

To  obtain  stresses  (in  psi)  due  to  pressure,  multiply  value  by  pressure  in  psi. 
Plus  values  are  tensile  stresses;  minus  values  are  compressive  stresses. 
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TABLE  D-5 .  NOMINAL  DIMENSIONS  OF  SINGLE-PLY  5 -INCH  BELLOWS 
AND  CALCULATION  OF  BELLOWS  PARAMETERS 


Ply  thickness  (t) 

0.010  in. 

Convolution  root  diameter 

5.00  in. 

Convolution  height 

0.350  in. 

Live  Length 

4.00  in. 

Number  of  convolutions 

12 

C  (l/2  convolution  height  =  ) 

0.175  in. 

R  (l/2  convolution  root  diameter  +  C  =  +  0.175) 

2.675  in. 

.  m  /Live  length  -2xL.  of  conv.  x  tN 

b  -  Torus  radius  ( - if - = — - - - )  = 

v  4  x  No.  of  conv.  ' 

4.00  -  2  x  12  x  0.010N 

4"x  12  ' 

0.078  in. 

TABLE  D-6.  PARAMETRIC  VALUES  OF  NOMINAL  5 -INCH  BELLOWS  AND 
NEAREST  PARAMETRIC  MODEL 


Parametric 

Ratios 

Nominal  5 -inch 
Bellows 

Nearest  Parametric  Model 
(Figures  D-5  and  D-6) 

b 

c 

0,445 

0.6 

t 

W 

R 

0.0037^ 

0.004 

C 

0.0654 

0.075 

TABLE  D-7.  RELATIVE  DEFLECTION,  w/p*,  AT  CENTER  OF  DIAPHRAGM  BY 
LINEAR  AND  NONLINEAR  BENDING  THEORIES  FOR  p  =  1.75  PSI 


Diaphragm 

Linear 

Nonlinear 

io  Difference 

1 

0.01928 

0.01134 

41.2 

2 

0.02061 

0.01194 

42.1 

3 

0.01973 

0.01190 

39- 7 

4 

0.02281 

0.01323 

42.0 

5 

0.08224 

0.00983 

88.0 

*  w  =  deflection,  inches;  p  =  pressure,  psi. 
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TABLE  d-8.  leaf  characteristics  of  welded  bellows  shown  IN  FIGURES  D-78 
THROUGH  D-81 


Model 

Leaf 

a 

b 

cp  Initial 

cp  Final 

1 

upper 

1.8660 

-0.5176 

45 

-15 

lower 

1.6340 

0.5176 

135 

195 

2 

upper 

1.8660 

-0.5176 

45 

-15 

lower 

1.6736 

0.5077 

140 

200 

3 

upper 

1.8660 

-0.5176 

45 

-15 

l.'wer 

1.7121 

0.5019 

145 

205 

4 

upper 

1.8660 

-0.5176 

45 

-15 

lower 

1.7500 

0.5000 

150 

210 

table  D-9.  CHARACTERISTICS  OF  BELLOWS  JUNCTION  FOR  SINGLE- SWEEP  BELLOWS 
IN  FIGURE  D-77 


Model 

Chord  Angle,  y 

Degrees* 

Upper  Lower 

ID 

ID 

OD 

1 

15  15 

45  -75 

15 

-45 

60.0 

-60.0 

2 

15  10 

45  -75 

70 

-50 

57.5 

-62.5 

3 

15  5 

45  -75 

65 

-55 

55.0 

-65.O 

4 

15  0 

45  -75 

60 

-60 

52.5 

-67.5 

*  Tilt  angle  is  the  mean  of  the  upper  and  lower  tangent  angle. 


TABLE  D-10.  TILT  ANGLE  OF  FLAT  SEGMENTS  IN  MODEL  NO.  1  AND  MODEL  NO.  2 
3-SWEEP  WELDED  BELLOWS 


Case 

Tilt  Angle, 
Root 

Degrees* 

Crown 

1 

-10 

10 

2 

0 

10 

•3 

10 

10 

4 

-10 

0 

5 

0 

0 

6 

10 

0 

7 

-10 

-10 

8 

0 

-10 

9 

10 

-10 

*  Tilt  angle  is  the  mean  of  the  upper  and  lower 
tangent  angle. 
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The  dimensions  of  a  and  b  are  inches.  3toe  dimensions  of  cp.  and  tp_  are  degrees 


TABLE  D-13.  CUTER  SURFACE  STRESSES  AT  ROOT  (BEGINNING  OF  PART  8)  AND  CROWN  (END  OF  PART 
14)  IN  BELLOWS  MODEL  NO.  1  DUE  TO  AXIAL  CCMFRESSIVE  LOADING  AND  INTERNAL 
PRESSURE 
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Table  D-10  gives  tilt  angles  far  flat  segments 


TABLE  D-15 .  RELATIVE  SPRING  RATES  FOR  TWO  WELDED  BELLOWS  FOR  NINE 
DIFFERENT  FLAT  CONFIGURATIONS  (CALCULATED  FOR  TWO 
CONVOLUTIONS) 


Case* 

Model  No.  1 

Model  No.  2 

1 

92.5 

100.7 

2 

100.7 

112.5 

3 

101.3 

121.0 

4 

96.5 

104.9 

5 

105.5 

116.8 

6 

113.7 

126.9 

7 

100.3 

109.6 

8 

110.1 

123.5 

9 

119.1 

137.9 

*  Table  D-10  gives  tilt  angles  for  flat  segments, 


TABLE  D-l6.  DIMENSIONS  OF  MATHEMATICAL  MODEL  SHOWN  IN  FIGURE  D-112 


Part 

No. 

Shell 

Type 

Coordinate, 

degree 

Radii, 

inches 

Initial 

Final 

a 

b 

1 

Conical 

215.0 

2.0896 

0.08 

2 

Toroidal 

215.0 

145.0 

1.9233 

-0.1757 

3 

Toroidal 

145.0 

205.0 

1.7217 

0.1757 

4 

Toroidal 

205.0 

145.0 

1.5733 

-0.1757 

5 

Conical 

145.0 

1.4725 

0.11 

6 

Conical 

-35.0 

1.3824 

0.0776 

7 

Toroidal 

-35.0 

35.0 

1.5467 

0.1757 

8 

Toroidal 

35.0 

-25.0 

1.7483 

-0.1757 

9 

Toroidal 

-25.0 

35.0 

1.8967 

0.1757 

10 

Conical 

35-0 

1.9975 

0.1124 

Thickness  of  bellows  =  0.005  inch 


TABLE  D-17.  DIMENSIONS  OF  MATHEMATICAL  MODEL  SHOWN  IN  FIGURE  D-113 


Part 

No. 

Shell 

T/pe 

Coordinate, 

degree 

Radii, 

inches 

Initial 

Final 

a 

b 

1 

Conical 

210.0 

2.0949 

0.08 

2 

Toroidal 

210.0 

i4o.o 

1.9367 

-0.1777 

3 

Toroidal 

140.0 

200.0 

1.7083 

0.1777 

4 

Toroidal 

200.0 

140.0 

I.5867 

-0.1777 

5 

Conical 

140.0 

1.4725 

0.11 

6 

Conical 

-40.0 

1.4018 

0.0774 

7 

Toroidal 

-4o.o 

30.0 

1.5600 

0.1750 

8 

Toroidal 

30.0 

-30.0 

1.7350 

-0.1750 

9 

Toroidal 

-30.0 

30.0 

1.9100 

0.1750 

10 

^onicaJ^^ 

30.0 

■  1  1  ■  ..  t.......  X". 

1.9975 

0.1124 

Thickness  of  bellows  =  0.005  inch 
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Inner  surface 


FIGURE  D-l 


FIGURE  D -l 


.  ILLUSTRATION  OF  NOMENCLATURE  USED  FOR 
BELLOWS  DIMENSIONS 


I 


\ 


Stops  I 
b/c  •  0.2 


Shape  2 
b/c  •  06 


Shape  3 
b/c  *  I  0 


ILLUSTRATION  OF  CONVOLUTION  SHAPES  FOR 
DIFFERENT  VALUES  OF  b/c 


FIGURE  D-3.  RELATIVE  MERIDIONAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL  PRES¬ 
SURE  IN  BELLOWS  OF  SHAPE  1  WITH 
t/R*  0.004  AND  c/R  ■  0.075 


FIGURE  D-4.  RELATIVE  CIRCUMFERENTIAL  SURFACE 
STRESSES  FOR  AXIAL  LOADING  AND 
INTERNAL  PRESSURE  IN  BELLOWS  OF 
SHAPE  1  WITH  t/R  ■  0. 004  AND 
c/R -0.075 


FIGURE  D-5.  RELATIVE  MERIDIONAL  SURFACE  STRESSES  FOR 
AXIAL  LOADING  AND  INTERNAL  PRESSURE  IN 
BELLOWS  OF  SHAPE  2  WITH  t/R  -  0.  004  AND 
c/R  =  C. 075 


FIGURE  D-fi.  RELATIVE  CIRCUMFERENTIAL  SURFACE 
STRESSES  FOR  AXIAL  LOADING  AND 
INTERNAL  FRESSURE  IN  BELLOWS  OF 
SHAPE  2  WITH  t/R  =  0.  004  AND 
c/R  =  0.075 
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Relative  Circumferential  Stress  (Pressure  Loading),  a  /p  Relative  Circumferential  Stress  (Pressure 


6 


75 


6 


FIGURE  D-7.  RELATIVE  MERIDIONAL  SURFACE  STRESSES  FOR 
AXIAL  LOADING  AND  INTERNAL  PRESSURE  IN 
BELLOWS  OF  SHAPE  3  WITH  t/R  ■  0. 004  AND 
c/R*  0.075 


FIGURE  D-8.  RELATIVE  CIRCUMFERENTIAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL  PRESSURE 
INJ5ELLOWS  OF  SHAPE  3  WITH  t/R  ■  0. 004  AND 
c/R -0.075 


5  -25  I — 

•O  * 


m 


r/S 

■  rut  put*  ■ 


r/8 

■  Flat  Plate  - 


FIGURE  D-9.  RELATIVE  MERIDIONAL  SURFACE  STRESSES  FOR  FIGURE  D-10, 
AXIAL  LOADING  AND  INTERNAL  PRESSURE  IN 
BELLOWS  OF  SHAPE  1  WITH  t/R  =  0. 004  AND 
c/R  =  0. 150 


RELATIVE  CIRCUMFERENTIAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL  PRESSURE 
IN_BELLOWS  OF  SHAPE  1  WITH  t/R  =  0.  004  AND 

c/R  =  0. 150 
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Relative  trircusTerent  1*1  Stress  (Pressure  Loading) 


Relative  Meridional  Stress  (Axial  Loading),  o  L/&B  x  10* 


12 


- -  Inner  - -  ♦Flat  Plate  -a.  - - Outer _ J  "• -  Inn«r  - -  ♦-flat  Plate  -  Ortar - a-l 

Torus  Torus  Torus 

FIGURE  D-1I.  RELATIVE  MERIDIONAL  SURFACE  STRESSES  FOR  FIGURE  D-12.  RELATIVE  CIRCUMFERENTIA L  SURFACE 
AXIAL  LOADING  AND  INTERNAL  PRESSURE  IN  STRESSES  FOR  AXIAL  LOADING  AND 

BELLOWS  OF  SHAPE  2  WITH  t/R  -  0. 004  AND  INTERNAL  PRESSURE  IN  BELLOWS  OF 

c/R  -  0. 150  SHAPE  2  WITH  t/R  ■  0. 004  AND 

c/R  *  0. 150 


FIGURE  D-13.  RELATIVE  MERIDIONAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL 
PRESSURE  IN  BELLOWS  OF  SHAPE  3  WITH 
t/R  =  0.004  AND  c/R  =0.150 


FIGURE  D-14.  RELATIVE  CIRCUMFERENTIAL  SURFACE 
STRESSES  FOR  AXIAL  LOADING  AND 
INTERNAL  PRESSURE  IN  BELLOWS  OF 
SHAPE  3  WITH  t/R  =  0.004  AND 
c/R  =  0.150 


Relative  Circumferential  Sires*  (Pressure  Loading),  o x  10”  Relative  Clrciacferentlal  Stress  (Pressure  Loading),  a X  10* 
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FIGURE  D-15.  RELATIVE  MERIDIONAL  SURFACE  STRESSES 
FOR  AXIAL  LOADINC  AND  INTERNAL 
PRESSURE  IN  BELLOWS  OF  SHAPE  1  WITH 
t/R  *0.004  AND  c/R*  0.225 


FIGURE  D-16.  RELATIVE  CIRCUMFERENTIAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL  PRESSURE 
IN_BELLOWS  OF  SHAPE  1  WITH  t/R  -  0.004  AND 
c/R*  0.225 


FIGURE  D-17,  RELATIVE  MERIDIONAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL 
PRESSURE  IN  BELLOWS  OF  SHAPE  2  WITH 
t/R  =  0.004  AND  c/R*  0.225 


FIGURE  D-18.  RELATIVE  CIRCUMFERENTIAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL  PRESSURE 
IN_BELLOWS  OF  SHAPE  2  WITH  t/R  =  0.004  AND 
c/R  =  0.225 
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FIGURE  D-19.  RELATIVE  MERIDIONAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL 
PRESSURE  IN  BELLOWS  OF  SHAPE  3  WITH 
t/R  *  0. 004  and  c/R  *  0. 225 


FIGURE  D-20.  RELATIVE  CIRCUMFERENTIAL  SURFACE 
STRESSES  FOR  AXIAL  LOADING  AND 
INTERNAL  PRESSURE  IN  BELLOWS  OF 
SHAPE  3  WITH  t/R  =*  0. 004  AND 
c/R  =  0.225 
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FIGURE  D-21.  RELATIVE  MERIDIONAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL 
PRESSURE  IN  BELLOWS  OF  SHAPE  2  WITH 
t/R  =  0.  0067  AND  c/R  *  0.  075 


FIGURE  D-22.  RELATIVE  CIRCUMFERENTIAL  SURFACE 
STRESSES  FOR  AXIAL  LOADING  AND 
INTERNAL  PRESSURE  IN  BELLOWS  OF 
SHAPE  2  WITH  t/R  =  0.  0067  AND 
c/R  =  0.075 


FIGURE  D-23.  RELATIVE  MERIDIONAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL 
PRESSURE  IN  BELLOWS  OF  SHAPE  3  WITH 
t/R  =  0. 0067  AND  c/R  «  0. 078 


FIGURE  D-24,  RELATIVE  CIRCUMFERENTIAL  SURFACE 
STRESSES  FOR  AXIAL  LOADING  AND 
INTERNAL  PRESSURE  IN  BELLOWS  OF 
SHAPE  3  WITH  t/R  =  0.  0067  AND 
c/R  »  0. 075 
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FIGURE  D-25,  RELATIVE  MERIDIONAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL 
PRESSURE  IN  BELLOWS  OF  SHAPE  1  WITH 
t/R  =  0. 0067  AND  c/R  =  0. 150 


FIGURE  D-26.  RELATIVE  CIRCUMFERENTIAL  SURFACE 
STRESSES  FOR  AXIAL  LOADING  AND 
INTERNAL  PRESSURE  IN  BELLOWS  OF 
SHAPE  1  WITH  t/R  ^  0.  0067  AND 
c/R  =  0. 150 
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Relative  Mertdlooal  Rtreaa  (Axial  Loading),  o  h/6X  x 


FIGURE  D-27.  RELATIVE  MERIDIONAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL 
PRESSURE  IN  BELLOWS  OF  SHAPE  2  WITH 
t/R  =  0.0067  AND  c/R  =  0.150 


FIGURE  D-28,  RELATIVE  CIRCUMFERENTIAL  SURFACE 
STRESSES  FOR  AXIAL  LOADING  AND 
INTERNAL  PRESSURE  IN  BELLOWS  OF 
SHAPE  2  WITH  t/R  =  0. 0067  AND 
c/R  *  0. 150 
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FIGURE  D-29.  RELATIVE  MERIDIONAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL 
PRESSURE  IN  BELLOWS  OF  SHAPE  3  WITH 
t/R  =  0. 0067  AND  c/R  =  0. 150 


FIGURE  D-30.  RELATIVE  CIRCUMFERENTIAL  SURFACE 
STRESSES  FOR  AXIAL  LOADING  AND 
INTERNAL  PRESSURE  IN  BELLOWS  OF 
SHAPE  3  WITH  t/R  =  0. 0067  AND 
c/R  =  0.150 
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FIGURE  D-31.  RELATIVE  MERIDIONAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL 
PRESSURE  IN  BELLOWS  OF  SHAPE  1  WITH 
t/R  -  0. 0067  AND  c/R  =  0.225 


FIGURE  D  -32 .  RELA  TIVE  CIRCUMFEREN  TIAL  SURFACE 
STRESSES  FOR  AXIAL  LOADING  AND 
INTERNAL  PRESSURE  IN  BELLOWS  OF 
SHAPE  1  WITH  t/R  =  0. 0067  AND 
c/R  =  0.225 


FIGURE  D-33.  RELATIVE  MERIDIONAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL 
PRESSURE  IN  BELLOWS  OF  SHAPE  2  WITH 
t/R  =  0. 0067  AND  c/R  =  0.225 


FIGURE  D-34.  RELATIVE  CIRCUMFERENTIAL  SURFACE 
STRESSES  FOR  AXIAL  LOADING  AND 
INTERNAL  PRESSURE  IN  BELLOWS  OF 
SHAPE  2  WITH  t/R  =  0. 0067  AND 
c/R  =  0.225 


D-3 1 


Relfttlve  Ctrcwferentl*!  Stress  (Pressure 


FIGURE  D-35.  RELATIVE  MERIDIONAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL 
PRESSURE  IN  BELLOWS  OF  SHAPE  3  WITH 
t/R  =  0.0067  AND  c/R  =  0.225 


FIGURE  D-36.  RELATIVE  CIRCUMFERENTIAL  SURFACE 
STRESSES  FOR  AXIAL  LOADING  AND 
INTERNAL  PRESSURE  IN  BELLOWS  OF 
SHAPE  3  WITH  t/R  =  0. 0067  AND 
c/R  =  0.225 


FIGURE  D-37.  RELATIVE  MERIDIONAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL 
PRESSURE  IN  BELLOWS  OF  SHAPE  3  WITH 
t/R  =  0.02  AND  c/R  =  0.075 


FIGURE  D-38.  RELATIVE  CIRCUMFERENTIAL  SURFACE 
STRESSES  FOR  AXIAL  LOADING  AND 
INTERNAL  PRESSURE  IN  BELLOWS  OF 
SHAPE  3  WITH  t/R  =  0. 02  AND 
c/R  =  0.075 
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FIGURE  D-39.  RELATIVE  MERIDIONAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL 
PRESSURE  IN  BELLOWS  OF  SHAPE  1  WITH 
t/R  =  0. 02  AND  c/R  =  0. 150 


FIGURE  D-40.  RELATIVE  CIRCUMFERENTIAL  SURFACE 
STRESSES  FOR  AXIAL  LOADING  AND 
INTERNAL  PRESSURE  IN  BELLOWS  OF 
SHAPE  1  WITH  t/R  =  0. 02  AND 
c/R  *  0. 160 


FIGURE  D-41.  RELATIVE  MERIDIONAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL 
PRESSURE  IN  BELLOWS  OF  SHAPE  2  WITH 
t/R  =  0. 02  AND  c/R  =  0. 150 


FIGURE  D-42.  RELATIVE  CIRCUMFERENTIAL  SURFACE 
STRESSES  FOR  AXIAL  LOADING  AND 
IN  TERNAL  PRESSURE  IN  BELLOWS  OF 
SHAPE  2  WITH  t/R  =  0. 02  AND 
c/R  =  0. 150 


FIGURE  D-43.  RELATIVE  MERIDIONAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL 
PRESSURE  IN  BELLOWS  OF  SHAPE  3  WITH 
t/R  =  0.02  AND  c/R  =  0.150 


FIGURE  D-44.  RELATIVE  CIRCUMFERENTIAL  SURFACE 
STRESSES  FOR  AXIAL  LOADING  AND 
INTERNAL  PRESSURE  IN  BELLOWS  OF 
SHAPE  3  WITH  t/R  =  0. 02  AND 
c/R  =  0.150 


FIGURE  D-45.  RELATIVE  MERiDIONAL  SURFACE  STRESSES 
FOR  AXIAL  LOADING  AND  INTERNAL 
PRESSURE  IN  BELLOWS  OF  SHAPE  1  WITH 
t/R  =  0.02  AND  c/R  =  0.225 


FIGURE  D-46,  RELATIVE  CIRCUMFERENTIAL  SURFACE 
STRESSES  FOR  AXIAL  LOADING  AND 
INTERNAL  PRESSURE  IN  BELLOWS  OF 
SHAPE  1  WITH  t/R  =  0. 02  AND 
c/R  =  0.225 
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FIGURE  D-47.  RELATIVE  MERIDIONAL  SURFACE  STRESSES  FIGURE  D-48.  RELATIVE  CIRCUMFERFN TIAL  SURFACE 
FOR  AXIAL  LOADING  AND  INTERNAL  STRESSES  FOR  AXIAL  LOADING  AND 

PRESSURE  IN  BELLOWS  OF  SHAPE  2  WITH  INTERNAL  PRESSURE  IN  BELLOWS  OF 

t/R  =  0. 02  AND  c/R  =  0. 225  SHAPE  2  WITH  t/R  =  0. 02  AND 

c/R  =  0.225 


FIGURE  D-49,  RELATIVE  MERIDIONAL  SURFACE  STRESSES  FIGURE  D-50.  RELATIVE  CIRCUMFERENTIAL  SURFACE 
FOR  AXIAL  LOADING  AND  INTERNAL  STRESSES  FOR  AXIAL  LOADING  AND 

PRESSURE  IN  BELLOWS  OF  SHAPE  3  WITH  INTERNAL  PRESSURE  IN  BELLOWS  OF 

t/R  =  0.  02  AND  c/R  =  0.225  SHAPE  3  WITH  t/R  =  0.  02  AND 

c/R  =  f  ,225 
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FIGURE  D-51.  RELATIVE  SPRING  RATES,  kL/RE,  AND 
THICKNESS  RATIOS,  b/t,  FOR  FORMED 
BELLOWS  WITH  RELATIVE  THICKNESS 
t/R  -  0. 004 


FIGURE  D-52.  RELATIVE  SPRING  RATES,  kL/RE.  AND 
THICKNESS  RATIOS,  b/t,  FOR  FORMED 
BELLOWS  WITH  RELATIVE  THICKNESS 
t/R  ■  0.0067 


FIGURE  D-53.  RELATIVE  SPRING  RATES,  kL/RE,  AND  THICKNESS  RATIOS,  b/t, 
FOR  FORMED  BELLOWS  WITH  RELATIVE  THICKNESS,  t/R  =  0.02 
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FIGURE  D-54,  RELATIVE  MAXIMUM  STRESS,  a  M  L/SE, 
AND  THICKNESS  RATIOS,  b/t,  FOR  AXI¬ 
ALLY  LOADED  BELLOWS  WITH  RELATIVE 
THICKNESS  t/R  =  0. 004 


_ WMtfri  Cowwtatmi  Pipth.  t/R 

FIGURE  D-55.  RELATIVE  MAXIMUM  STRESS,  aM  L/«E,  AND 
THICKNESS  RATIOS,  b/t,  FOR  AXIALLY 
LOADED  FORMED  BELLOWS  WITH  RELATIVE 
THICKNESS  t/R -  0.0067 
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FIGURE  D-56,  RELATIVE  MAXIMUM  STRESS,  aM  L/5E,  AND  THICKNESS  RATIOS,  b/t,  FOR  AXIALLY  LOADED 
FORMED  BELLOWS  WITH  RELATIVE  THICKNESS  t/R  =  0.  02 


FIGURE  D-57.  RELATIVE  ABSOLUTE  MAXIMUM  STRESS, 
|ofM|/p,  AND  THICKNESS  RATIOS,  b/t, 
FOR  INTERNALLY  PRESSURIZED  FORMED 
BELLOWS  WITH  RELATIVE  THICKNESS 
t/R  =  0. 004 


FIGURE  D-58.  RELATIVE  ABSOLUTE  MAXIMUM  STRESS, 
|<7M  j/p>  AND  THICKNESS  RATIOS,  b/t, 
FOR  INTERNALLY  PRESSURIZED  FORMED 
BELLOWS  WITH  RELATIVE  THICKNESS 
t/R  =  0. 0067 


FIGURE  D-59  RELATIVE  ABSOLUTE  MAXIMUM  STRESS,  |  o  M  |/p,  AND  THICKNESS  RATIOS,  b/t,  FOR  INTERNALLY 
PRESSURIZED  FORMED  BELLOWS  WITH  RELATIVE  THICKNESS  r/R  =  0.02 


FIGURE  0-60.  CONVOLUTION  VARIATION  NO.  1  FOR 

6"  BELLOWS  JD  92.  INSIDE  TORUS  RADIUS  ■ 
0.063  INCH,  OUTSIDE  TORUS  RADIUS  ■ 
0.071  INCH,  CONE  ANGLE  •  5* 


FIGURE  D-61.  CONVOLUTION  VARIATION  NO.  2  FOR 

5”  BELLOWS  JD  92.  INSIDE  TORUS  RADIUS  ■ 
0. 063  INCH,  OUTSIDE  TORUS  RADIUS  *» 

0. 085  INCH,  CONE  ANGLE  *  5* 


FIGURE  D-62.  CONVOLUTION  VARIATION  NO.  3  FOR 

5"  BELLOWS  JD  92.  INSIDE  TORUS  RADIUS  ■ 
0. 063  INCH,  OUTSIDE  TORUS  RADIUS  ■ 
0.085  INCH,  CONE  ANGLE  ■  7*10’ 


FIGURE  D-63.  CONVOLUTION  VARIATION  NO..  4  FOR 

5"  BELLOWS  JD  92,  INSIDE  TORUS  RADIUS  « 
0. 063  INCH,  OUTSIDE  TORUS  RADIUS  ■ 

0.  085  INCH,  CONE  ANGLE  =  9“ 


FIGURE  D-64.  RELATIVE  MERIDIONAL  SURFACE  STRESSES  FOR  AXIAL 
LOADING  AND  INTERNAL  PRESSURE  IN  5"  BELLOWS 
JD  92  (CONVOLUTION  VARIATION  NO.  3).  t/R  =  0. 00374, 
c/R  -  0.0654 


* 
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FIGURE  D-65.  RELATIVE  CIRCUMFERENTIAL  SURFACE  STRESSES  FOR  AXIAL 
LOADING  AND  INTERNAL  PRESSURE  IN  5"  BELLOWS  JD  92 
(CONVOLUTION  VARIATION  NO.  3).  t/R  =  0.00374,  c/R  =  0.0654 


FIGURE  D-66.  MATHEMATICAL  MODEL  FOR  CORRUGATED  DIAPHRAGM  NO.  1 
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noallaaar,  r  ■  L7S  pal 
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FIGURE  D-67,  RELATIVE  OUTER  SURFACE  STRESS,  cty/p,  FOR  DIAPHRAGM  NO.  1 


O.QttOV 


FIGURE  D-68.  MATHEMATICAL  MODEL  FOR  CORRUGATED  DIAPHRAGM  NO.  2 
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FIGURE  D-69,  RELATIVE  OUTER  SURFACE  STRESS,  cj^/p,  FOR  DIAPHRAGM  NO.  2 


FIGURE  D-70.  MATHEMATICAL  MODEL  FOR  CORRUGATED  DIAPHRAGM  NO.  3 
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nonllnaar,  p  ■  1.75  p*l 
lc*U:  1  Inch  “  26,200 


IGURED-71.  RELATIVE  OUTER  SURFACE  STRESS,  o$/p,  FOR  DIAPHRAGM  NO.  3 


FIGURE  D-72.  MATHEMATICAL  MODEL  FOR  CORRUGATED  DIAPHRAGM  NO.  4 
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FIGURE  D-73.  RELATIVE  OUTER  SURFACE  STRESS,  OqI p,  FOR  DIAPHRAGM  NO.  4 


FIGURE  D- 74.  MATHEMATICAL  MODEL  FOR  DIAPHRAGM  NO.  5 
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FIGURE  D-75.  RELATIVE  OUTER  SURFACE  STRESS,  O^/p,  FOR  DIAPHRAGM  NO.  5 


FIGURE  D- 76,  CENTER  DEFLECTION,  w,  FOR  DIAPHRAGMS  1-5  FOR 
INCREASING  PRESSURE  (NONLINEAR  THEORY) 


FIGURE  D-77,  NOMENCLATURE  FOR  SINGLE-SWEEP  UPPER  AND  LOWER 
BELLOWS  LEAVES 


FIGURE  D-78.  MATHEMATICAL  MODEL  NO.  1  OF  SINGLE¬ 
SWEEP  WELDED  BELLOWS  WITH  15*  UPPER 
CHORD  ANGLE  AND  15*  LOWER  CHORD 
ANGLE 


FIGURE  D-79.  MATHEMATICAL  MODEL  NO.  2  OF  SINGLE 
SWEEP  WELDED  BELLOWS  WITH  15*  UPPER 
CHORD  ANGLE  AND  10*  LOWER  CHORD 
ANGLE 


FIGURE  D-HO.  MATHEMATICAL  MODE1  NO.  3  OF  SINGLE¬ 
SWEEP  WELDED  BELLOWS  WJTH  15*  UPPER 
CHORD  ANGLE  AND  5 *  LOWER  CHORD 
ANGLE 


FIGURE  D-81.  MATHEMATICAL  MODEL  NO.,  4  OF  SINGLE 
SWEEP  WEI.DED  BELLOWS  WITH  16*  UPPER 
CHORD  ANGLE  AND  0*  LOWER  CHORD 
ANGLE 


FIGURE  D-82.  MERIDIONAL  INNER  SURFACE  STRESS  DUE  TO 
AXIAL  LOADING  IN  SINGLE-SWEEP  BELLOWS 
WITH  15*  UPPER  CHORD  ANGLE  AND  15* 
LOWER  CHORD  ANGLE (P  =  2  lb/in.) 


FIGURE  D-83.  MERIDIONAL  INNER  SURFACE  STRESS  DUE  TO 
AXIAL  LOADING  IN  SINGLE-SWEEP  WELDED 
BELLOWS  WITH  15*  UPPER  CHORD  ANGLE 
AND  10*  LOWER  CHORD  ANGLE (P  =  2  lb/in.) 


FIGURE  D-84,  MERIDIONAL  INNER  SURFACE  STRESS  DUE  TO  FIGURE  D-85.  MERIDIONAL  INNER  SURFACE  STRESS  DUE  TO 
AXIAL  LOADING  IN  SINGLE-SWEEP  WELDED  AXIAL  LOADING  IN  SINGLE-SWEEP  WELDED 

f-1 1 1  OW.s  wn  H  15*  UPPER  CHORD  ANGLE,  BELLOWS  WITH  15*  UPPER  CHORD  ANGLE 

AM)  5*  LOWER  CHORD  ANGLE (P  =  2  lb, in.)  AND  0*  I.OWER  CHORD  ANGIE  (P  =  2  Ib/in.) 


FIGURE  D-87,  MATHEMATICAL  MODEL  OF  0°-10°  WELDED  BELLOWS, 
MODEL  NO.  2,  CASE  9 
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FIGURE  D-98.  RELATIVE  OUTER  SURFACE  STRESS,  a  I  p.  ON  LOWER  LEAF  DUE  TO  FIGURE  D-99.  RELATIVE  OUTER  SURFACE  STRESS,  a/p.  ON  LOWER  LEAF  DUE  TO 
INTERNAL  PRESSURE  IN  WELDED  BELLOWS.  MODEL  NO.  1.  CASE  5  INTERNAL  PRESSURE  IN  WELDED  BELLOWS,  MODEL  NO.  1,  CASE  9 
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FIGURE  D-106.  RELATIVE  OUTER  SURFACE  STRESS ,  a/p.  OH  UPPER  LEAF  DUE  TO  FIGURE  D-107.  RELATIVE  OUTER  SURFACE  STRESS,  a/p,  ON  UPPER  LEAF  DUE  TO 
INTERNAL  PRESSURE  IN  WELDED  BELLOWS,  MODEL  NO.  2,  CASE  1  INTERNAL  PRESSURE  IN  WELDED  BELLOWS,  MODEL  NO.  2,  CASE  S 


FIGURE  D- 1 1 3.  MATHEMATICAL  MODEL  OF  0 10 4  OPTIMUM  WELDED  BELLOWS 
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APPENDIX  E 


STRESS  ANALYSIS  OF  A  3-INCH,  ONE-PLY  FORMED 
BELLOWS  -  TYPE  321  STAINLESS  STEEL 


ABBREVIATIONS  AND  SYMBOLS 


Sj,  Sg  Measured  stresses  in  bellows,  psi 
E  Modulus  of  elasticity,  psi 

t  Bellows  thickness,  in. 

0  Angle  between  normal  to  bellows  midsurface  and  its  axis  of  resolution,  deg 

p  Internal  pressure,  psi 

6  Axial  deflection  imposed  on  bellows  of  length  L,  in. 


APPENDIX  E 


STRESS  ANALYSIS  OF  A  3-INCH,  ONE-PLY  FORMED 
BELLOWS  -  TYPE  321  STAINLESS  STEEL 


The  stress  analysis  of  a  3 -inch,  one-ply  stainless  steel  bellows  was  selected  for 
inclusion  in  the  report  for  three  reasons:  (1)  it  is  representative  of  an  analysis  of  a 
uniform  bellows,  (2)  it  was  used  during  the  program  to  determine  the  need  for  including 
thickness  variations  in  mathematical  models,  and  (3)  its  use  facilitates  the  discussion 
of  the  analysis  of  two-ply  bellows  in  Appendix  G.  Following  the  description  of  the 
theoretical  analysis,  the  experimental  stress  analysis  of  the  bellows  is  described,  and 
theoretically  determined  and  experimentally  determined  stresses  and  strains  are 
compared. 


Theoretical  Stress  Analysis 


Mathematical  Model 


A  mathematical  model  was  developed  using  dimensions  obtained  from  the  encap¬ 
sulated  cross  section  of  JD68,  shown  in  Figures  E-l  and  E-2.  The  inner  torus  between 
Convolutions  7  and  8  (measured  from  the  flanged  end)  was  taken  as  the  origin  of  the 
rectangular  coordinate  system.  The  x-coordinate  was  in  the  axial  direction  with  a 
negative  sign  indicating  measurements  taken  on  Convolution  7.  The  x-  and  y-coordi- 
nates  of  points  of  the  midsurface  of  the  convolutions  are  given  in  Table  E-l.  The 
bellows  thicknesses  measured  at  each  point  normal  to  the  midsurface  are  also  in¬ 
cluded  in  Table  E-l, 

It  was  believed  that  the  convolution  cross  section  was  sufficiently  symmetrical 
about  the  origin  that  only  one-half  a  convolution  need  be  considered.  To  obtain  a  repre¬ 
sentative  convolution  shape,  the  x-coordinates  at  symmetric  points  were  averaged. 
Thus,  the  x-coordinates  of  Points  1  and  43,  2  and  42,  etc. ,  in  Table  E-l  were  aver¬ 
aged.  In  addition,  the  thicknesses  at  each  pair  of  symmetric  points  were  averaged. 

The  mathematical  model  obtained  from  these  measurements  is  shown  in  Fig¬ 
ure  E-3.  The  actual  dimensions  of  the  toroidal  and  conical  sections  are  given  in 
Table  E-2.  The  thickness  variations  from  the  root  ti  the  crown  are  plotted  in  Fig¬ 
ure  E-4.  The  circled  points  indicate  the  averaged  measurements.  The  thickness 
variation  selected  for  the  mathematical  model  is  shown  by  the  solid  line  in  Figure  E-4. 

An  examination  of  Figure  E-4  shows  that  the  nominal  thickness  of  0,008  inch  is  a 
poor  estimate  of  the  actual  thickness  of  the  bellows.  It  was  decided  that  the  variable 
thickness  model  should  be  compared  with  models  having  different  but  constant  thick¬ 
nesses  to  determine  the  general  necessity  for  using  a  mathematical  model  with  thick¬ 
ness  variations.  Accordingly,  stresses  were  calculated  for  both  internal-pressure 
loading  and  axial-compressive  loading  for  three  bellows  having  constant  thicknesses  of 
0.008,  0.00757,  and  0.00661  inch  as  well  as  for  the  variable-thickness  model.  As 
noted  above,  0.008  inch  was  the  nominal  thickness.  The  other  two  thicknesses  were  the 


maximum  and  minimum  measured  thicknesses  as  shown  in  Figure  £-4.  The  meridional 
cross-sectional  shape  for  all  the  models  was  taken  to  be  that  given  in  Figure  E-3. 


Comparison  of  Stresses  From 
Different  Mathematical  Models 

The  bending  and  membrane  stresses  in  the  meridional  and  circumferential  direc¬ 
tions  calculated  for  both  internal  pressure  and  for  axial  compression  in  each  of  the  four 
models  are  shown  in  Figures  E-5  through  E-12  for  the  inner  torus  (Part  1  in  Fig¬ 
ure  E-3)  and  in  Figures  E-13  through  E-20  for  the  outer  toroidal  section  (Parts  5  and 
6  in  Figure  E-3), 

The  stresses  at  the  root  and  crown  for  both  the  axial  compressive  loading  and 
internal  pressure  are  summarized  in  Table  E-3  for  the  various  thicknesses.  The  re¬ 
sults  given  in  Figures  E-5  through  E-20  and  in  Table  E-3  show  that  variations  in  thick¬ 
ness  significantly  affect  the  stresses  in  the  bellows. 


Modification  of  Theoretically  Determined 
Stresses  and  Strains 


It  was  necessary  to  modify  the  theoretical  stresses  to  allow  for  the  thickness  of 
the  strain  gages  before  the  theoretically  determined  stresses  and  strains  could  be  com¬ 
pared  with  the  experimentally  determined  3tresses  and  strains.  Table  E-4  shows  the 
theoretical  stresses  for  the  variable-thickness  model  of  the  3-inch  bellows  modified  to 
reflect  the  thickness  of  the  strain  gages  (as  discussed  in  Appendix  Q),  In  accordance 
with  the  dimensions  used  for  the  different  mathematical  models  (see  above),  a  thickness 
of  0.  00757  inch  was  selected  for  the  inner  convolution  and  a  thickness  of  0.00661  inch 
was  selected  for  the  outer  convolution.  To  calculate  compression  stresses,  a  bellows 
live  length  of  2.03  inches  was  used.  This  value  was  obtained  by  multiplying  the  mea¬ 
sured  length  for  nine  convolutions  of  the  JD68  test  bellows  by  the  ratio  10/9,  since  the 
test  bellows  had  ten  convolutions.  Strains  calculated  using  the  modified  theoretical 
stresses  are  also  shown  in  Table  E-4. 


Experimental  Stress  Analysis 


The  experimental  stress  analysis  of  a  3-inch,  formed  bellows  is  described  in 
four  parts:  (1)  strain-gage  locations,  (2)  strains  due  to  axial  deflection,  (3)  strains  due 
to  pressure,  and  (4)  stresses  calculated  from  experimentally  determined  strains. 


Strain-Gage  Locations 

In  Appendix  Q,  a  description  is  given  of  the  type  of  strain  gages  used,  the  tech¬ 
niques  of  instrumentation,  and  the  philosophy  underlying  the  location  of  the  gages  on  the 
bellows.  That  discussion  applies  to  the  strain  gages  used  on  the  3-inch  bellows.  The 
"middle"  convolution  chosen  for  the  3-inch  bellows  was  five  convolutions  from  the 
bottom.  The  locations  of  the  gages  on  the  3-inch  formed  bellows  are  shown  in  Fig¬ 
ure  E-21. 


E-2 


Strains  Due  to  Axial  Deflection 


Two  types  of  tests  were  conducted  in  which  the  strains  due  to  axial  deflection 
could  be  determined.  In  the  first  type  of  test,  the  bellows  was  deflected  alternately  in 
increments  of  compression  (0.030  inch  and  0.  060  inch)  and  extension  (0.030  inch  and 
0.060  inch),  and  strain-gage  readings  were  taken  at  each  deflection  increment  and  at 
the  intermediate  zero  deflections.  In  the  second  type  of  test,  in  which  pressure  was 
combined  with  deflection,  the  bellows  was  deflected  alternately  in  increments  of  com¬ 
pression  (0.030  inch  and  0.060  inch)  and  extension  (0.030  inch  and  0.060  inch),  and  at 
each  deflection  increment,  the  internal  (and  subsequently  the  external)  pressure  of  the 
bellows  was  increased  in  10-psi  increments  to  30  psi.  By  subtracting  the  readings  ob¬ 
tained  at  each  pressure  level  in  the  latter  type  of  test,  the  strain  due  to  deflection 
could  be  determined. 

Table  E-5  shows  the  results  of  the  deflection  tests  with  no  pressure.  (None  of 
the  tabulated  values  are  corrected  for  gage  thickness.)  Despite  the  apparent  flexibility 
of  the  3-inch  bellows,  the  readings  of  the  gages  were  quite  uniform.  Table  E-6  sh-va 
the  strains  due  to  deflection  when  the  bellows  was  pressurized.  No  significant  differ¬ 
ence  was  discernible  between  the  deflection  strains  for  the  unpressurized  bellows,  and 
the  strains  for  the  pressurized  bellows. 


Strains  Due  to  Pressure 


Two  types  of  tests  were  conducted  in  which  the  strains  due  to  pressure  could  be 
determined.  In  the  first  type  of  test,  the  bellows  was  pressurized  at  zero  deflection: 

(1)  in  10-psi  increments  of  internal  pressure  to  50  psi  and  (2)  in  10-psi  increments  of 
external  pressure  to  50  psi.  The  second  type  of  test,  combining  deflection  and  pres¬ 
sure,  was  described  above. 

Table  E>7  shows  the  primary  results  of  the  pressure  tests  with  no  deflection. 

Only  two  gages  were  read  during  the  external  pressure  tests.  A  similarity  of  the 
strains  for  the  last  two  internal-pressure  tests  was  noted.  This  probably  indicated  that 
the  first  internal-pressure-test  results  were  less  representative,  although  they  were 
included  in  the  calculation  of  the  average  values. 

Table  E-8  shows  the  strains  due  to  pressure  when  the  bellows  was  deflected  and 
pressurized.  The  results  of  these  tests  are  given  in  considerable  detail  to  show  the 
degree  of  repeatability  of  the  strains  due  to  pressure  at  different  amounts  and  types  of 
deflection.  Not  only  was  the  repeatability  good,  but  the  average  strains  in  Table  E-6 
were  very  similar  to  those  for  the  unpressurized  bellows. 


Experimentally  Determined  Stresses 
and  Strains 


The  method  of  calculating  stresses  from  experimentally  determined  strains  is 
explained  in  Appendix  Q.  It  is  also  explained  that  the  strains  as  given  by  Gage  18  and 
the  average  readings  of  Gages  11  and  12  and  13  and  17  were  used  as  representative 
strains  in  the  bellows.  Finally,  it  is  explained  that  the  values  were  selected  from  tests 
which  did  not  combine  deflection  and  pressure. 


E-3 


Table  E-9  shows  the  representative  compression  strains  and  the  representative 
internal  pressure  strains  as  given  in  Tables  E-5  and  E-7.  To  determine  the  stresses 
at  the  convolution  roots,  where  no  circumferential  gages  were  used,  it  was  assumed 
that  the  ratio  of  the  experimental  meridional  stress  to  the  experimental  circumferential 
stress  was  identical  to  the  ratio  of  the  corresponding  theoretical  meridional  and  circum¬ 
ferential  stresses. 


Comparison  of  Theoretically  Determined  and 
Experimentally  Determined  Stresses  and  Strains 


Table  E-10  shows  a  comparison  of  the  modified  theoretical  stresses  and  strains 
and  the  experimentally  determined  stresses  and  strains.  The  results  are  in  excellent 
agreement. 

It  is  noted  that  the  theoretical  results  shown  in  Table  E-10  were  obtained  from 
the  mathematical  model  in  which  the  thickness  variations  were  closely  approximated. 
Because  of  the  importance  of  thickness  (as  shown  in  Figures  E-5  through  E-20)  it  is 
believed  that  a  theoretical  analysis  of  a  bellows  must  incorporate  a  close  approximation 
to  the  actual  thickness  variations  of  the  bellows  to  provide  an  accurate  prediction  of  the 
stresses. 
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TABLE  E-l.  COORDINATES  AND  THICKNESSES  FOR  MATHEMATICAL  MODEL  OF  3 -INCH  BSXCMS 
JD68  (NOMINAL  THICKNESS  =  0.008  INCH),  1  UNIT  =  0.0005  INCH 


Reading 

Coordinates 
_ * _ X _ 

Thickness, 

inches 

Reading 

Coordinates 

* _ y _ 

Thickness, 

inches 

1 

-192 

641 

0.00665 

23 

13 

1 

0.00761 

2 

-176 

639 

0.00668 

24 

26 

5 

0.00761 

3 

-160 

633 

0.00668 

25 

39 

16 

0.00753 

4 

-144 

622 

O.OO693 

26 

49 

29 

0.00761 

5 

-128 

607 

0.00668 

27 

54 

4l 

0.00738 

6 

-112 

586 

0.00685 

28 

57 

53 

0.00725 

T 

-98 

560 

0.00685 

29 

59 

116 

0.00709 

8 

-90 

534 

O.OO685 

30 

62 

178 

0.00705 

9 

-79 

475 

O.OO696 

31 

66 

237 

O.OO696 

10 

-70 

415 

0.00708 

32 

71 

296 

0.00700 

11 

-64 

356 

0.00713 

33 

77 

356 

0.00693 

12 

-59 

296 

0.00717 

34 

86 

415 

O.OO685 

13 

-56 

237 

0.00738 

35 

94 

475 

O.OO685 

14 

-54 

178 

0.00733 

36 

104 

534 

0.00677 

15 

-53 

116 

0.00750 

37 

111 

560 

0.00677 

16 

-51 

53 

0.00778 

38 

123 

586 

0.00677 

17 

-49 

41 

0.00770 

39 

138 

609 

O.OO656 

18 

-45 

29 

0.00753 

40 

153 

626 

0.00640 

19 

-38 

16 

0.00741 

41 

169 

635 

0.00648 

20 

-26 

6 

0.00753 

42 

184 

64o 

0.00660 

21 

-13 

1 

O.C0753 

43 

199 

64l 

O.OO656 

22 

0 

0 

0.00757 

TABLE  E-2.  DIMENSIONS  OF  MATHEMATICAL  MODEL  OF  3-INCH  BELLOWS  JD68 


Part 

No. 

Shell  Type 

a, 

inches 

b, 

inches 

Coordinates, 

Initial 

degree 

iSr 

1 

Toroidal  . 

1.5295 

-0.0267^ 

90.0 

2.0 

2 

Conical v° ' 

1.5253 

0.0633 

2.0 

«. 

3 

Toroidal 

1,5668 

0.763 

2.C 

6.5 

4 

Conical 

1.6508 

0.09 

6.5 

5 

Toroidal 

1.7198 

0.1875 

6.5 

24.0 

6 

Toroidal 

1.7753 

0.0455 

24.0 

90.0 

(a)  A  negative  radius  indicates  that  the  normal  is  pointing  toward  the 
center  of  curvature. 

(b)  For  the  conical  shell,  a  is  the  radial  distance  from  the  center  of 
the  bellows  to  the  inner  edge;  b  is  the  slant  length  of  the  shell. 
The  initial  coordinate  is  the  cone  angle. 
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IOUH 


i  a^SSnSScS  tSfurtm 5? 


This tease. 


ttitLSsaafels 

0.006  rod 


-50T6.46 

-*0*3.80 


•um 

♦150563 


-53*6.06 

-**OS.2* 


-566*86 

♦*193*1 


wUbla 


•*518.20 

•*865.10 


-517*50 

♦*11165 


-117256 

♦1*9999 

-1113*9 

♦l6o?8e 


-175966 

♦185608 


-*871.70 

-3581.03 


-517093 

♦3588*6 


-117886 

♦1*7807 


-155835 

♦183350 

-155186 

♦10585* 


Internal  Fmggt 

0.008  roa 


-20.6*77 

♦19.*9B1 


-787.177 

-560.958 


♦38. **6l 
-*6.96*0 


-816.153 

-168.207 


-21.783* 

♦20.6299 


-809.5*0 

-681.97* 


♦31.0523 

-61.0579 


-22.2870 

♦23.1507 


-68I.699 

-738.999 


♦32.2*81 

-98.3308 


•2*2.862 
-186-598 
-26*. 510 
-a9.9oo 


•2*. 8225 

♦23.7268 


-1051.76 

-79S.*77 


♦2*.632* 

-m.591 


-315.587 

-839.5*3 


(a)  Flu*  values  are  tensile  stresses,  sinus  vsluss  are  ccMpresslTt  stresses. 

To  obtain  stresses  in  psi  due  to  deflection,  multiply  value  by  deflection 
le  inches,  divide  by  live  length  of  bellows  in  inches.  To  obtain  stresses 
in  pel  due  to  pressure,  sultlply  value  by  presture  in  pal. 


table  *-*.  MonxraiD  thborhical  ccxphksicb  abb  xbtwul  maaaa  nra an  amd 
aw  Aura  for  thrb-moh  cbb-plt  rtauuss  sibb.  fcrkbd  bbaws  jb68 


Btreesee  frgt  1 


Stress, 

Mrabrane  Outer 

Stress  Surface 


Modified  Strees,  pel.  Strain,  uin./in. 

Banding  Combined  Calc,  far  0.060-  Calc,  for  0.060- 

StressW,  Stress  st  in.  Coeipression  in.  Coeipression 

Oiter  Qsge  or  50-psi  ar  50-p»i 

Surface  Location  Int.  Pressure _ Int.  Pressure 


Meridional 
8  Stress 


-*265.10  +*11,165  +573,920  +57*, 655  +16,987 


u  +> 

U  3  ■■  —.1.  1  — 

4>  H 

3  |  Circumferential 
8  Stress 


♦160,782  +123,350  +173,677  +33*, *59  *9,887 


g  Meridional 
■2  Stress 

as 

S-d  - 


-*518.20  -517, *50  -702,180  +697,66a(b'  +20.623 


g  Circumferential 
o  Stress 


-111,3*9  -155,235  -210,65*  +99,305'  ;  +2,935 


g  Meridional 

°  Stress 
u  +, 
o  n 

*3  - 

o  >  Circumferential 
§  Stress 


♦23.1507  -732.999  -1032.063  -1008.912  -50,**6 


-92.3308  -219.900  -309.619  -*01.950  -20,093 


0  Meridional 
^  Stress 

h  - : - 


-22.2870  -881.699  -1196. U6 6  ♦U7J*,i79'C'  +5  8  >709 


8  C ir cumf ere  nt i al 
Stress 


+32.2*81  -26*. 510  -358.9*0  +391.183^°^'  +19,55 


Bending  stresses  at  outer  convolution  multiplied  by 

1.357. 

The  ratio  of  these  stresses  is  7.03* 

The  ratio  of  these  stresses  is  3*00. 


I.U08;  bending  stresses  at  inner  convolution  multiplied  by 
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TABLE  *-5.  DEFLECTION  STRAUS  FCR  COMPRESSION  AID  MBMB1CK  . 

OP  3-ara  FORMED  BELLOWS  -  NO  UBEBML  PRESSORS  lc) 


Oage 

No. 

Microln.  of  Strain^,  Bellows  In  Compression 

Mlcrolocbei  of  Strain  Bellow*  In  fxtenclon 

Coefclned 

Am***. 

Test 
No.  1 

Test 
No.  2 

Test 
No.  } 

Test 
No.  4 

Test 
No.  5 

Compression 

Average 

Test 
No.  1 

Test 

No.  £ 

Test 

No.  3 

Test 
No.  4 

9tft 

So*  S 

tKtanslon 

Avenue 

11 

175 

177 

180 

107 

182 

180 

198 

195 

195 

168 

195 

19*> 

187 

12 

180 

175 

180 

182 

180 

179 

190 

190 

190 

198 

193 

192 

186 

13 

375 

397 

392 

395 

395 

391 

368 

400 

395 

405 

395 

397 

394 

14 

**35 

435 

44o 

447 

442 

440 

430 

430 

440 

460 

438 

434 

»»37 

15 

410 

425 

397 

405 

402 

408 

385 

408 

4l8 

410 

413 

407 

408 

16 

395 

335 

392 

30T 

385 

389 

398 

405 

408 

4o8 

405 

405 

397 

17 

417 

4oo 

405 

407 

405 

407 

400 

400 

408 

418 

415 

4o8 

4o8 

18 

617 

625 

622 

627 

627 

624 

613 

633 

630 

628 

633 

627 

626 

19 

512 

510 

532 

525 

530 

522 

585 

573 

568 

565 

563 

571 

547 

(a)  All  measured  strains  In  compression  were  tensile*  deflection  vas  0.060  inch. 

(b)  All  measured  strains  in  extension  were  compressive  -  deflection  vas  0.060  inch. 

(c)  Compression  and  Extension  Tests  vere  alternated. 

TABLE  8-6.  DEFLECTION  3USAUJS  FCR  3-HCH  FORMED  BELLOWS  COMPRESSED 
AND  EXTENDED,  AND  PRESSURIZED  HTTIENALLY  AND  EXTERNALLY 
TO  30  PSI 


„<*>) 


Gage 

No. 

0  pal 

10  pal 

20  psi 

30  psi 

Compression 

Average 

0  psi 

10  psi 

?Q_  psi 

30  psi 

Extension 

Average 

Combined 

Average 

11 

167 

172 

180 

165 

176 

188 

185 

180 

175 

181 

179 

12 

180 

185 

172 

180 

179 

168 

180 

175 

175 

177 

178 

1 

13 

385 

380 

395 

372 

383 

380 

380 

3?8 

365 

376 

380 

W 

to 

9) 

14 

435 

44c 

430 

437 

436 

400 

408 

410 

390 

402 

419 

M 

H 

15 

405 

405 

397 

407 

404 

375 

388 

390 

348 

375 

390 

s 

U 

9) 

16 

372 

397 

380 

382 

380 

375 

395 

378 

360 

377 

379 

5 

17 

402 

412 

390 

412 

404 

373 

393 

393 

375 

384 

394 

18 

645 

650 

657 

657 

652 

645 

648 

660 

680 

661 

657 

19 

532 

532 

537 

537 

535 

570 

560 

5.63. 

578 

568 

H  O 

1  k 

U  (0 

11 

187 

182 

180 

190 

18? 

180 

193 

180 

193 

187 

186 

31 

392 

395 

39C 

4C5 

396 

385 

395 

395 

403 

395 

396 

a) 

All 

measured 

strains 

in  eompre 

scion  were 

tensile  -  deflection 

was  0.060  inch. 

b) 

All 

measured 

strains 

in  extern; 

ion  were  compressive  - 

deflection  vas 

0.060  inch. 
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Extension _ 1 _ C  expression 


?xm  s-7.  mssws  ssmh 

AID  ****■■*«+■ 


mam  rat  3-nc*  ram  mum  mmmtm  ommu 


ftteroisebM  of  Strain' 
Infra*!  RjMMj.  50 


Teat 

Oaa  Bc>.  1 

Rat  feat 

*>.  8  *>•  3 

At.  par 

11 

-S3 

-240 

-845 

-846 

-49.2 

12 

-285 

-215 

-213 

•218 

-43.6 

13 

-1383 

-1330 

•1328 

-1347 

•269.4 

14 

-1348 

-1503 

-1303 

-1318 

-263.6 

15 

-1180 

-1158 

•1160 

•1166 

-833.8 

16 

-1603 

-1535 

-1533 

-1557 

-311.4 

17 

-1248 

-1243 

-1238 

-1243 

-248.6 

18 

+1885 

♦1807 

♦1807 

+1833 

♦366.6 

19 

♦1147 

+1060 

+1052 

♦1086 

+217.2 

Mlarolaebee  of  fltraln' 
■rttwal  Ifcnatnrt.  TO 
•at  fiat  Saat 


At.  par 


Flu*  valuta  indicate  aaaaurtd  full*  atraln;  alnu*  valuta  indicate  aaaaurtd  coapressive  at  rain. 

(a)  Taata  vara  run  la  10-pii  lneraaaata  aacandlnc  and  daaeanding— valuta  shown  art  diffaraacaa 
between  raadinf*  at  50  pal  (naxlm  pressure)  and  averafs  readings  for  taro  pressure  bafora 
and  after  teat. 


TAIU  *-8.  HUE88MS  SHAMS  K*  3-MCI  PCMD  HbUNS  CCMMMtD, 

ab>  msaaonm  m«ta  a»  »>nB«AU.T  to  30  m 


Deflect ioo--0.0  in.v  ' 
0-10  10-20  20-30 
P»1 _ PI* _ P*i 


Mlcrolnches  of  StrelnW 
■n.^  Da  flection— 0.03 


-050  -053 
-030  -038 
-275  -870 
-860  -260 
-835  -233 
-310  -898 
-285  -2<»3 
+350  *356 
♦210  +210 


-050  -053 
-043  -030 
-873  -893 
-873  -263 
-245  -238 
-318  -310 
-248  -223 
+375  +360 
♦820  +215 


♦060  +048  +050  4058  +050 

+878  +255  +875  +268  +273 


Deflection— 0.060  in. 


-045  -055 
-050  -055 
-855  -895 
-270  -865 
-840  -235 
-305  -315 
-265  -285 
♦365  +375 


+055  +045  +060 

+280  +250  +890 


Averaa* 

Chance  par  10 
_ Dll _ 


11  -043 

12  -038 

13  -250 

14  -258 


««  -833 

A  £  16  -300 

17  -840 


18  +353  +353 

19  +210  +208 


-045  -028 
-050  -050 
-253  -250 
-875  -263 
•248  -243 
-319  -313 
-263  -258 
+375  +355 
+225  +223 


-050  -04o 
-025  -050 
-285  -240 
-260  -255 


-230  -245 
+340  +345 


£  11  +068  +053 

6 


+048  +070 


.2  “  13  +280  +860  +278  +885  +260 


+065  +035 

4260  +870 


1  )  flvs  values!  indicate  tensile  strains;  srdnuo  values  indicate  ermpressive  strains. 
,1  )  4  /-  -age  or  two  readings. 


rauns  JOB 


rms  s-s.  covuMomui  ohmb  mamni 

:-XIICH  RM9  MUCKS 


St 


(a)  Calculated  on  the  aaeuaptlon  that  ■  7«03  (8m  table  1-4). 

(b)  Calculated  on  the  aeeuaqptlon  that  S^/Sg  -  3.00  (8m  fable  *J,). 


TABU  K-10.  COMPARISON  OF  TMCMTICAIiT  BUHCMP  AID  Dll' 
KXRTA1XT  — an  9BI88S8  AID  SHAMS  FOR  3- 

uch  cb-flt  raacD  naan  jsea 


Ccnparieon  of  Strata!^  C«*parlaoo  of  Streeaei^*' 
Bmw^w^^Sewencar  BgtrltBW1  Tbeoretlcal 


10 

J! 

r~ 

rt 

P 

Meridional 

+401 

+484 

♦14,580 

+16,987 

•I 

u 

Clreuaferentlal 

♦187 

+165 

♦9,780 

+9,887 

0  i 
5# 
«  _ 

8 

toridion*! 

+6e6 

+881 

♦I8,963(a) (b) 

+80,8e3 

I? 

ft 

E« 

Clreuaferentlal 

- 

-118 

+8,697 

+8,935 

o 

5 

a 

5 

Meridional 

-1895 

-1538 

-43,500 

-50,446 

p 

CJ  *3 

9« 

« 

Clrcurferentlal 

•838 

-171 

-19,800 

-80,098 

£  § 

b  a 

an 

Convolution 
l  Koat 

Merldicnal 

Circumferential 

+1833 

+1088 

+087 

*59,064^ 

+I9,588(c) 

+58,709 

+19,559 

(a)  Calculated  and  teeted  for  0.060-in.  caapreaaion  and  50-p»i  Internal  preasure. 

(b)  Calculated  on  the  aimptlon  that  Sj/ 8g  »  7*03  (See  Table  1-9). 

(c)  Calculated  on  the  aeeuaptloo  that  8^/Sg  *  3*00  (See  Table  1-9). 
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FIGURE  E-i.  CROSS  SECTION  OF  3-INCH,  1-PLY  FORMED 
BELLOWS  JD68  -  TYPE  321  STAINLESS  STEEL 


FIGURE  E-2.  ENLARGED  VIEW  OF 
CONVOLUTIONS  OF  CROSS- 
SECTIONED  3 -INCH,  1-PLY 
FORMED  BELLOWS  JD68  -  TYPE 
321  STAINLESS  STEEL 


As  Polished 
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FIGURE  E-3.  MATHEMATICAL  MODEL  OF  3-INCH  BELLOWS  JD68 


Root  Radiol  Dittarei  From  Root  to  Crown,  ineh»»  Crown 


FIGURE  E-4.  THICKNESS  VARIATION  IN  3 -INCH  BELLOWS  JD68  (NOMINAL 
THICKNESS  *  0.  008  INCH) 

Circled  points  indicate  measured  thicknesses  and  solid  line  is 
thickness  variation  used  with  mathematical  model  shown  in 
Figure  E-3, 


E-1I 


? 


FIGURE  E-5,  RELATIVE  MERIDIONAL  BENDING  STRESS  IN 
3-INCH  BELLOWS  JD68(PART  1)  DUE  TO  AXIAL  COMPRES- 
SIVE  LOADING  (E  *  29  X  106  PSI) 


FIGURE  E-6.  RELATIVE  MERIDIONAL.  MEMBRANE  STRESS  IN 
3-INCH  BELLOWS  JD68(PART  1)  DUE  TO  AXIAL  COMPRES¬ 
SIVE  LOADING  (E  ■  29  X  106  PSI) 


FIGURE  E-7.  RFLATIVE  CIRCUMFERENTIAL  BENDING  FIGURE  E-8.  RELATIVE  CIRCUMFERENTIAL  MEMBRANE  STRESS 
STRESS  IN  3-INCH  BELLOWS  JD68  (PART  1)  DUE  TO  IN  3-INCH  BELLOWS  JD68  (PART  1)  DUE  TO  AXIAL  COMPRES- - 
AXIAL  COMPRESSIVE  LOADING  (E  »  29  X  106  PSI)  SIVE  LOADING  (E  ■  29  X  106  PSI) 


FIGURE  E«9.  RELATIVE  MERIDIONAL  BENDING  STRESS  IN 
3-INCH  BELLOWS  JD68(PART  1)  DUE  TO  INTERNAL 
PRESSURE 


1  I  I 

*o  to  so  t 

FIGURE  E-10,  RELATIVE  MERIDIONAL  MEMBRANE  STRESS 
IN  3-INCH  ALLOWS  JD68  (PART  1)  DUE  TO  INTERNAL 
PRESSURE 


4,  Mi'll! 


FIGURE  E-ll,  RELATIVE  CIRCUMFERENTIAL  BENDING  STRESS  FIGURE  E-12,  RELATIVE  CIRCUMFERENTIAL  MEMBRANE 
IN  3-INCH  BELLOWS  JD68 (PART  1)  DUE  TO  INTERNAL  STRESS  IN  3-INCK  BELLOWS  JD68 (PART  1)  DUE  TO  IN¬ 
PRESSURE  TERNAL  PRESSURE 


E-  13 


♦  ,**m 

FIGURE  E-13.  RELATIVE  MERIDIONAL  BENDING  STRESS 
IN  3-INCH  BELLOWS  JD68  (PARTS  5, 6)  DUE  TO  AXIAL 
COMPRESSIVE  LOADING  (E  -  29  X  10®  PSI) 


FIGURE  E-14.  RELATIVE  MERIDIONAL  MEMBRANE  STRESS 
IN  3.INCH  BELLOWS  JD68 (PARTS  5, 6)  DUE  TO  AXIAL 
COMPRESSIVE  LOADING  (E  «  29  X  106  PSI) 


FIGURE  E-1 5.  RELATIVE  CIRCUMFERENTIAL  BENDING 
STRESS  IN  3-INCH  BELLOWS  JD68  (PARTS  5,6)  DUE  TO 
AXIAL  COMPRESSIVE  LOADING  (E  ■  29  X  10®  PS!) 


FIGURE  E-16.  RELATIVE  CIRCUMFERENTIAL  MEMBRANE 
STRESS  IN  3-INCH  BELLOWS  JD68(  FARTS  5,6)  DUE  TO 
AXIAL  COMPRESSIVE  LOADING  (E  •  29  X  JO6  PSI) 


M 


t.  IH*** 

FIGURE  E-17.  RELATIVE  MERIDIONAL  BENDING  STRESS 
IN  3-INCH  BELLOWS  JD68  (PARTS  S,  6)  DUE  TO  INTER¬ 
NAL  PRESSURE 


FIGURE  E-18.  RELATIVE  MERIDIONAL  MEMBRANE  STRESS 
IN  3-INCH  BELLOWS  JD68  (PARTS  S,  6)  DUE  TO  INTERNAL 
PRESSURE 


FIGURE  E-19.  RELATIVE  CIRCUMFERENTIAL  BENDING 
STRESS  IN  3-INCH  BELLOWS  JD68  (PARTS  5, 6)  DUE  TO 
INTERNAL  PRESSURE 


FIGURE  E-20,  RELATIVE  CIRCUMFERENTIAL  MEMBRANE 
STRESS  IN  3-INCH  BELLOWS  JD68(  PARTS  5,6)  DUE  TO 
INTERNAL  PRESSURE 
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APPENDIX  F 


STRESS  ANALYSIS  OF  A  1-INCH  ONE- PLY  FORMED  BELLOWf  - 
TYPE  321  STAINLESS  STEEL 


The  theoretical  stress  analysis  of  a  1-inch,  one-ply  stainless  steel  formed  bellows 
was  selected  for  inclusion  in  the  report  because  (1)  it  demonstrates  an  approach  to 
modeling  convolutions  which  are  not  symmetrical  and  (2)  it  facilitates  the  discussion  in 
Appendix  G  of  the  stress  analysis  of  two-ply  bellows.  Following  the  theoretical  stress 
analysis,  the  experimental  stress  analysis  is  described,  and  theoretically  determined 
and  experimentally  determined  stresses  and  strains  are  compared. 


Theoretical  Stress  Analysis 


Mathematical  Model 


The  theoretical  stress  analysis  of  the  1-inch  bellows  (JD29)  proved  to  be  more 
complex  than  the  analysis  of  the  3- inch  bellows  which  was  described  in  Appendix  E.  The 
irregular  shape  of  the  convolutions,  as  shown  in  Figures  F-l,  F-2,  and  F-3,  required  a 
more  detailed  mathematical  model.  The  data  used  to  construct  this  model,  which  is 
shown  in  Figure  F-4,  are  given  in  Tables  F-l  and  F-2.  In  the  analysis,  the  mathemati¬ 
cal  model  was  taken  to  be  a  full  convolution  since  there  appeared  to  be  no  symmetry  with 
respect  to  a  half  convolution  either  in  the  shape  of  the  midsurface  of  the  shell,  or  in  the 
variation  of  the  thickness  (as  shown  in  Figures  F-5  and  F-6).  The  solid  lines  in  Fig¬ 
ures  F-5  and  F-6  show  the  thickness  variations  used  in  the  mathematical  model. 


Theoretical  Stresses 


The  theoretical  stresses  at  the  outer  convolution  and  two  inner  convolutions  of  the 
mathematical  model  (the  locations  of  highest  stress)  are  shown  in  Table  F-3.  Irregu¬ 
larities  in  the  bellows  are  indicated  by  the  differences  in  the  calculations  for  each  con¬ 
volution  root  of  the  mathematical  model.  The  results  of  the  analysis  of  the  1-inch  bel¬ 
lows  by  thin- shell  theory  should  eventually  be  compared  with  a  rigorous  theory-of- 
elasticity  solution,  since  the  radius-to-thickness  ratio  for  certain  portions  of  bellows 
JD29  was  as  low  as  2:1  as  compared  with  the  ratio  of  10:1  which  is  generally  considered 
to  be  the  lower  limit  for  which  thin- shell  theory  is  accurate. 


Modification  of  Theoretically  Determined 
Stresses  and  Strains 


Table  F-4  shows  theoretical  stresses  for  the  1- inch  bellows  modified  to  reflect  the 
thickness  of  the  strain  gages  (as  described  in  Appendix  Q).  In  accordance  with  Fig¬ 
ures  F-5  and  F-6,  a  thickness  of  0.  0391  inch  was  selected  for  the  outer  convolution  and 
a  thickness  of  0.  0045  inch  was  selected  for  inner  convolution  Part  1  (for  the  location  of 
the  strain  gages,  see  below).  A  live  length  of  1.01  inches  was  used  to  determine  the  de¬ 
flection  stresses..  The  length  of  seven  convolutions  (0.  886  inch)  was  multiplied  by  8/7 


F-l 


to  estimate  the  live  length  of  the  test  bellows.  Table  F-4  also  shows  strains  calculated 
using  the  modified  theoretical  stresses. 


Experimental  Stress  Analysis 


Strain- Gage  Locations 

Appendix  Q  gives  a  description  of  the  type  of  strain  gages  used,  the  techniques  of 
instrumentation,  and  the  philosophy  underlying  the  location  of  the  gages  on  the  bellows. 
Because  the  1-inch  bellows  had  eight  convolutions,  the  "middle"  convolution  selected  was 
the  fourth  convolution  from  the  bottom.  The  strain- gage  locations  are  shown  in  Fig¬ 
ure  F-7.  Both  of  the  root  gages  were  located  on  convolution  roots  corresponding  to 
Part  1  in  Figure  F-4. 


Strains  Due  to  Axial  Deflection 


The  types  of  tests  conducted  with  the  3-inch  one-ply  formed  bellows  (see  Appen¬ 
dix  E)  were  conducted  with  the  1-inch  formed  bellows.  Table  F-5  shows  the  results  of 
the  deflection  tests  with  no  pressure,  while  Table  F-6  shows  the  strains  due  to  deflec¬ 
tion  v/hen  the  bellows  was  pressurized.  (For  simplicity,  the  readings  were  not  corrected 
for  gage  thickness.  )  No  significant  differences  were  noted  between  the  strains  shown  in 
Table  F-5  and  those  shown  in  Table  F-6,  if  allowance  is  made  for  the  difference  in 
deflection. 


Strains  Due  to  Pressure 


The  types  of  pressure  tests  conducted  with  the  3-inch  bellows  were  conducted  with 
the  1-inch  bellows.  Table  F-7  shows  the  results  of  the  pressure  tests  with  no  deflec¬ 
tion,  while  Table  F-8  shows  the  results  of  the  tests  with  pressure  and  deflection.  No 
significant  differences  were  noted  between  the  strains  shown  in  Table  F-7  and  those 
shown  ir.  Table  F-8. 


Experimentally  Determined  Stresses  and  Strains 

Table  F-9  shows  the  representative  compression  strains  and  the  representative 
internal  pressure  strains  selected  according  to  the  procedures  described  in  Appendix  Q. 
Also  shown  are  stresses  calculated  using  these  strains.  For  the  convolution  root,  where 
no  circumferential  strain  gage  was  used,  the  stresses  were  calculated  with  the  assump¬ 
tion  that  the  ratio  of  the  experimental  meridional  stress  to  the  experimental  circumfer¬ 
ential  stress  was  the  same  as  the  ratio  of  the  theoretical  meridional  stress  to  the  theo¬ 
retical  circumferential  stress. 
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Comparison  of  Theoretically  and  Experimentally 
Determined  Stresses  and  Strains 


Table  F-10  shows  a  comparison  of  the  modified  theoretical  stresses  and  strains 
and  the  experimentally  determined  stresses  and  strains.  Although  the  values  did  not 
compare  as  closely  as  for  the  3- inch  bellows,  the  agreement  was  believed  to  be  good. 
Further,  the  compression  meridional  strains  measured  by  Gages  Nos.  15,  16,  and  17 
(1041,  1073,  and  1007  microin. /in.  in  Table  F-5)  at  the  convolution  crowns  agreed 
closely  with  the  theoretically  predicted  strain  (1004  microin. /in.  )  while  the  internal- 
pressure  meridional  strain  at  the  convolution  crowns  measured  by  Gages  Nos.  14  and  15 
(-195  and  -210  microin,  /in.  in  Table  F-7)  agreed  closely  with  the  theoretically  predicted 
strain  (-209  micro  in.  /in. ). 

It  was  thought  that  the  greater  variation  in  gage  readings  for  the  l -inch  bellows  (as 
compared  with  the  3- inch  bellows)  might  have  been  caused  by  greater  nonuniformity  in 
thickness.  However,  an  examination  of  the  thickness  in  both  cross- sectioned  bellows 
did  not  show  greater  nonuniformity  in  the  1-inch  bellows  than  in  the  3- inch  bellows. 
Consequently,  it  was  presumed  that  the  greater  variations  in  measured  strains  were 
caused  at  least  partially  by  variations  in  convolution  curvature  such  as  those  noted  in 
Figures  F-l  through  F-3. 


TABLE  P-1 


COCRDIHATES  AID  THZCXHE8SES  FOR  1-HCH  BELLOWS  JD29 
nominal  thickness  *  0.005  in.;  1  unit  *  0.005  in* 


Beading 

Coordinates 
*  y 

Thickness, 

inch 

Reading 

Coordinates 

_ * _ 

Thickness, 

inch 

1 

0 

0 

0.00442 

52 

232 

9 

0.00438 

2 

8 

2 

0.00446 

53 

241 

12 

0.00446 

3 

14 

4 

0.no446 

54 

248 

17 

0.C0441 

4 

20 

8 

0.00446 

55 

254 

23 

0.00450 

5 

24.5 

12 

0.00446 

56 

260 

31 

0.00450 

6 

30 

17 

0.00446 

57 

265.5 

38 

0.00450 

7 

35 

23 

0.00442 

58 

270.5 

46 

0.00441 

8 

40 

31 

0.00442 

59 

274.4 

55 

0.00446 

9 

44 

38 

0.00442 

60 

278 

72 

0.00441 

10 

47 

46 

0.00442 

61 

276.5 

88 

0.00433 

n 

48 

55 

0.00437 

62 

273.5 

106 

0.00433 

12 

46 

72 

0.00437 

63 

267 

134 

0.00433 

13 

44 

88 

0.00434 

64 

263 

160 

0.00425 

14 

41 

106 

0.00425 

65 

260 

188 

0.00417 

15 

36 

134 

0.00425 

66 

258 

215 

0.00417 

16 

32 

160 

0.00417 

67 

257 

243 

0.00397 

17 

29 

188 

0.00405 

68 

258.5 

271 

0.00397 

18 

27-5 

215 

0.00401 

69 

261 

285 

0.00405 

19 

28 

243 

0.00393 

70 

264 

297 

0.00401 

20 

31 

271 

0.00385 

71 

271 

310 

0.00401 

21 

35 

285 

0.00385 

72 

279 

321 

0.00401 

22 

39 

297 

0.00385 

73 

289 

332 

0.00397 

23 

45 

310 

0.00385 

74 

306 

344 

0.00397 

24 

54 

321 

0.00385 

75 

325 

349.5 

0.00397 

25 

64 

332 

0.00381 

76 

344 

344 

0.00401 

26 

80 

344 

0.00381 

77 

362 

332 

0.00401 

27 

102 

349.5 

0.00381 

78 

371 

321 

0.00397 

28 

130 

342 

0.00368 

79 

380 

310 

0.00401 

29 

144 

332 

0.00381 

80 

386 

297 

o.oo4oi 

30 

154 

321 

0.00385 

81 

390 

285 

o.oo4oi 

31 

162 

310 

0.00385 

82 

393 

271 

o.oo4oi 

32 

168.5 

297 

0.00381 

83 

397 

243 

0.00397 

33 

172.5 

285 

0.00377 

84 

399-5 

215 

o.oo4oi 

34 

176 

271 

0.00381 

85 

4oi 

188 

0.00409 

35 

178 

243 

0.00385 

86 

4oi 

160 

o.oo4i3 

36 

179.5 

215 

0.00385 

87 

399 

134 

0.00417 

37 

180 

188 

0.00393 

88 

357.5 

106 

0.00433 

38 

178.5 

160 

0.00405 

89 

396 

88 

0.00437 

39 

177.5 

134 

0.00405 

90 

393.5 

72 

0.00437 

4o 

175 

106 

0.00413 

91 

391 

55 

0.00446 

4l 

173 

88 

0.00421 

92 

390 

46 

0.00446 

42 

171 

72 

0.00425 

93 

389.5 

38 

0.00446 

43 

169 

55 

0.00433 

94 

390 

31 

o.oo442 

44 

168 

46 

0.00433 

95 

394 

23 

0.00458 

45 

170 

38 

0.00437 

96 

399 

17 

0.00466 

46 

173.5 

31 

0.00446 

97 

405 

12 

0.00466 

47 

182.5 

23 

0.00450 

98 

4l0 

9 

0.00470 

48 

191 

17 

0.00470 

99 

415 

6 

0.00458 

49 

200 

12 

0.00458 

100 

420 

4 

0.00458 

50 

210.5 

9 

0.00437 

101 

426 

3 

0.00454 

. 223  

8 

0.00441 

102 

433 

2 

0.00454 
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TABLE  F-2.  DIMENSIONS  OF  MATHEMATICAL  MODEL  OF  1-INCH  BELLOWS  JDe9 


Part 

Shell  Type 

a, 

inches 

b, 

inches 

Coordinates, 

Initial 

degrees 

Final 

1 

Toroidal 

0.5026 

-0.00950 

90.0 

70.0 

2 

Toroidal 

0.5726 

-0.08432 

70.0 

59.25 

3 

Toroidal 

0.5108 

-0.01233 

59.25 

30.25 

4 

Toroidal 

0.5143 

-0.01916 

30.25 

-7-0 

5 

Conical 

0.5166 

0.01667 

-7.0 

• 

6 

Toroidal 

0.5706 

0.30214 

-7.0 

-3.5 

7 

Conical 

0.5561 

0.01600 

-3-5 

- 

8 

Toroidal 

O.587O 

0.23964 

-3.5 

2.25 

9 

Conical 

O.5968 

0.01800 

2.25 

- 

10 

Toroidal 

0.6120 

0.06583 

2.25 

35.0 

11 

Toroidal 

0.6300 

0.03466 

35.0 

85.25 

12 

Toroidal 

0.6459 

0.01833 

85.25 

121.5 

13 

Toroidal 

0.6128 

0.05766 

121.5 

139-0 

14 

Toroidal 

0.6203 

0.04600 

139.0 

164.75 

15 

Toroidal 

0.6048 

0.10716 

164.75 

176.25 

16 

Toroidal 

0.6001 

0.19180 

176.25 

I89.O 

17 

Conical 

0.5690 

0.05000 

189.0 

- 

18 

Toroidal 

0.5110 

-0.01700 

189.0 

162.5 

19 

Toroidal 

O.5223 

-0.03550 

162.5 

114.0 

20 

Toroidal 

0.4990 

-0.01000 

114.0 

90.0 

(a) a  Is  the  radial  distance  from  the  center  of  the  bellows  to  the  inner  edge 
for  Shells  5,  7,  and  9  and  to  the  outer  edge  for  Shell  17.  b  is  the  slant 
length  of  the  conical  shell.  The  initial  coordinate  is  the  cone  angle. 


TABLE  F-3.  STRESSES  DOE  TO  AXIAL  COMPRESSIVE  LOADING  AND  INTERNAL  PRESSURE 
IN  1-INCH  BELLOWS  JD29  AT  THE  CROWN  AND  EACH  ROOT  OF  THE 
MATHEMATICAL  MODEL 


Location 


•H  »H 

31 


<u  , 

W  -H 

8  8 
ft 


Root  (Part  No.  1) 
Crown 

Root  (Part  No.  20) 
Root  (Part  No.  l) 
Crown 


Meridional  Stresses (a)  Circumferential  Stresses (a) 
Membrane _ Bending  Membrane _ Bending 


-5305.79 

-519,640 

-95,843.8 

-155,892 

-4575 .00 

-♦352,630 

+155,462 

+105,778 

(-5458.67) 

(-583,078) 

(-58,007.0) 

(-174,923) 

-19.2756 

-565.000 

+1.19862 

-169.500 

+20.6420 

-436.388 

-150.044 

-130.910 

1-136.J861 

(-29.9186) 

(-221.096) 

(a)  Plus  values  are  tensile  stresses,  minus  values  a,e  compressive  stresses. 

To  determine  stresses  in  psi  due  to  deflection,  multiply  value  by  deflection 
in  inches,  divide  by  live  length  of  bellows  in  inches.  To  obtain  stresses 
in  psi  due  to  pressure,  multiply  value  by  pressure  in  psi. 
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TABLE  F-4.  MODIFIED  THEORETICAL  DEFLECTION  AMD  PRESSURE  STRESSES  AMD  STRAINS  FOR  1-INCH  SINGLE 
PLY  STAINLESS  STEEL  FORMED  BELLOWS 
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(a)  Bending  Stresses  at  outer  convolution  multiplied  by  1.691;  bending  stresses  at  inner  convolution  multiplied  by  1.600 

(b)  The  ratio  of  these  stresses  is  5.38. 

(c)  The  ratio  of  these  stresses  is  3«25* 


TABU  F-5.  EEFLECTICR  3HUUT3  FOR  CCNfflSSSIOl  AID  BPHfSJOB  CP  1-IBCH 
FORMED  SLOWS  -  >0  ORBUUL  PRESSOR*'*' 


Microlr.chcs  of  9tra ln^, Bellows  in  Cctresslon Mlcrolncbes  of  Strain  (° )  Btllaws  In  Bttenslon 


Gage 

Bo. 

feet 
Bo.  1 

Teat 
Bo.  2 

Teat 
Bo.  J 

Teat 
Bo.  k 

Teat  C 
Bo.  5 

■2HT5 

Teat 
Bo.  1 

Teat 
Bo.  2 

Teat 
Bo.  3 

Teat 
Bo.  h 

Teat 
*>.  5 

IBS 

Combined 

Average 

n 

490 

480 

4  sr 

490 

480 

485 

510 

505 

503 

49a 

503 

504 

495 

12 

390 

375 

365 

370 

380 

376 

448 

433 

44o 

440 

443 

441 

409 

13 

805 

775 

332 

792 

765 

794 

695 

673 

675 

6*3 

645 

676 

735 

14 

815 

802 

805 

807 

802 

806 

703 

703 

708 

700 

708 

704 

755 

15 

1127 

1122 

1125 

1125 

1117 

1123 

958 

960 

955 

953 

965 

958 

1041 

16 

ll40 

1135 

1135 

1147 

1137 

1137 

1018 

1013 

1003 

1005 

1008 

1009 

1073 

IT 

1052 

1047 

1047 

1042 

1030 

1044 

970 

965 

973 

965 

970 

969 

1007 

16 

1372 

1360 

1372 

1370 

1360 

1367 

1350 

1345 

1348 

1350 

1345 

1348 

1358 

19 

1372 

1360 

1375 

1372 

1365 

1369 

1420 

1415 

1415 

1415 

l4i8 

1417 

1393 

Sat)  Ccccprc salon  and  extension  T.esta  were  alternated. 

b)  All  oeasured  strains  in  compression  were  tensile— deflection  vaa  0.060  inch, 
(c)  All  ntasured  strains  in  extension  were  caspresslve— deflection  was  0.060  inch. 


TABLE  F-6.  EEFLECTICK  STRAINS  FOR  1-INCH  FORMED  BELLOWS  COMPRESSED  AND  EXTENDED, 
AND  PRESSURIZED  INTERNALLY  ADD  EXTERNALLY  TO  50  PSX 


Microinches 

of  Strain^* 

'Bellows  in  Coopresslon 

Microinches  of  Strain.^)  Bellows  in  Extension 

Gage 

0 

10 

<50 

^0 

35- 

Compression 

20^ 

50 

Extension 

Combined 

No. 

in 

psl 

FBM 

am 

pal 

na 

wrm 

wrm 

wrm 

m 

wrnm 

psl 

■LLixJJB 

11 

253 

250 

248 

243 

249 

234 

246 

251 

255 

247 

246 

252 

247 

250 

248 

4) 

l 

W 

(0 

12 

210 

200 

191 

185 

184 

179 

192 

212 

208 

197 

203 

198 

193 

202 

197 

13 

360 

365 

361 

359 

328 

340 

352 

330 

319 

327 

340 

330 

322 

328 

340 

1 

14 

386 

370 

349 

383 

400 

377 

378 

347 

344 

377 

370 

361 

365 

361 

370 

% 

« 

554 

549 

540 

530 

525 

532 

538 

498 

487 

497 

507 

504 

508 

500 

519 

u 

V 

16 

577 

560 

549 

546 

536 

543 

552 

524 

518 

537 

532 

534 

530 

529 

541 

•*> 

s 

17 

534 

523 

525 

528 

534 

509 

526 

509 

505 

508 

483 

499 

507 

502 

514 

18 

684 

690 

696 

686 

698 

705 

693 

684 

692 

683 

693 

693 

693 

690 

692 

19 

688 

696 

695 

689 

690 

69)* 

692 

719 

719 

708 

715 

718 

712 

715 

704 

H  4) 
1 1 

11 

251 

243 

246 

248 

250 

251 

243 

265 

267 

272 

280 

273 

267 

271 

260 

U  03 

Si 

13 

291 

271 

279 

285 

302 

315 

291 

284 

277 

297 

305 

288 

298 

292 

292 

(a)  All  measured  strains  In  compression  were  tensile  -  deflection  was  0.030  inch  -  average  of  two  tests. 

(b)  All  measured  strains  in  extension  were  comjresslve  -  deflection  was  0.030  inch  -  average  of  two  tests. 
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hb  r-7.  mans  snuns  rat  l-nca  row o  sows  pkesbckizxd  xxmmur 
a®  exterjully.-sc  smscncK 


■ 

— 

Microin.  of  Strain^. 

Micro in.  of 

Strain  (*',  SO-nsi 

Extern 

el  Pres. 

Gsge 

1ST 

Ttst 

Test 

Tsst 

Test 

A  x'TTl  9  .Vv1 '  '.M  .■ 

Ttft 

I®  ft 

7*  st 

St  ft 

Ttst 

Attr-  At  psr 

So. 

So.  1 

.  So.  2 

!  So.  3 

1  So.  4 

■  So.  5 

So.  6 

So.  7 

a<* 

10  ptl 

So.  1 

So.  2 

Bo.  3 

So.  4 

So.  5 

age 

10  pat 

U 

-310 

-323 

-310 

-313 

-310 

-304 

-309 

-311 

-062 

+332 

+345 

+335 

+360 

♦360 

♦346 

+06? 

12 

-228 

-263 

-258 

-270 

-280 

-238 

-242 

-253 

-051 

- 

- 

- 

- 

- 

- 

- 

13 

-800 

-810 

-790 

-810 

•820 

-763 

-732 

-789 

-158 

+307 

+810 

+80? 

+838 

<835 

+818 

+164 

14 

-988 

-965 

-970 

-1003 

-995 

-950 

-950 

-974 

-195 

- 

- 

- 

- 

- 

- 

15 

-1053 

O 

£ 

1 

-1033 

-1060 

-1070 

-1035 

-1040 

-1049 

-210 

- 

- 

- 

- 

- 

- 

16 

-648 

-848 

-843 

-865 

-865 

-840 

-835 

-849 

-170 

- 

- 

- 

- 

- 

- 

17 

-795 

-755 

-733 

-813 

-815 

-823 

-842 

-804 

-161 

- 

- 

- 

- 

- 

- 

18 

+960 

+970 

+972 

+997 

+1005 

+950 

+960 

+973 

+195 

- 

- 

- 

- 

- 

- 

19 

+950 

+945 

+955 

+977 

+985 

+935 

+945 

+956 

+191 

- 

- 

- 

- 

- 

- 

(a)  Tests  vere  run  In  10-psi  increments,  ascending  and  descending  -  values  shown  are  differences  between 
readings  at  50  psi  (maximum  pressure)  and  average  readings  for  zero  pressure. 


(b)  These  tests  were  run  to  60  psi,  values  proportioned  for  50  psi. 

Plus  values  indicate  measured  tensile  strain;  minus  values  indicate  measured  compression  strain. 


TABLE  P-8.  PRESSURE  STEAMS  FOR  1-18CH  FORKED  BELLOWS  COMPRESSED  AMD  EXTENDED,  AND 
PRESSURIZED  INTERNALLY  AND  EXTERNALLY  TO  50  PSI 


Mlcrolnches  of  Straln^for  10-psl  Pressure  Increments _ 

First  Test  Second  Test 

Gage  0-10  10-20  20-30  30-1*0  40-50  Aver-  0-10  10-20  20-30  30-40  40-50  Aver-  Combined 

No.  psi  psi  psi  psi  psi  age _ psi  psi  psi  psi  psi  age  Average 
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TABLE  T-9.  DtPHaWmilT  UDBMOBD  REHOESMTATIVE  STRAUB  AID  STRESSES 
HI  1-UICH  SINGLE-FLY  FORMED  BOLOWS 


Average  Calculated 
Represents-  Represen- 
Gage  Gage  Gage  Gage  Gage  tlve  tatlve 


(a)  Calculated  on  the  assumption  that  Sh/Sg  =  5 • 38  f see  Table  F-4). 

(b)  Calculated  on  the  assumption  that  ST/Sg  =  3.25  (see  Table  F-4) . 


TABLE  F-10.  COMPARISON  OF  THEORETICALLY  DETERMINED  AMD  EXPERIMENTALLY  DETERMINED 
STRESSES  AND  STRAINS  FOR  1-INCH  SINGLE-FLY  FORMED  BELLOWS  JDG9 


Strains^, 

(tin/ in. 

(j) 

Stresses'  , 

psi 

Experimental 

Theoretical 

Experimental 

Theoretical 

to 

§ 

•H 

■§g 

Meridional 

+871 

+1004 

+32,075 

+35,048 

to 

Mi  tO 

&  i 

‘3  ^ 

r 

0 

Circumferential 

+452 

+320 

+22,750 

+19,803 

c  $ 

•H  TJ 

«s 

§ 

Meridional 

+1358 

+1593 

+41,695 ^ 

+48,931 

a 

& 

Is 

1 

Circumferential 

- 

-192 

+7,750(b) 

+9,097 

0 

Convolution 

Crown 

Meridional 

-160 

-209 

-5,155 

-7,173 

■e  2  sure  Stressei 
and  Strains 

Circumferential 

-057 

-054 

-1,710 

-3,714 

§ 

■H 

Meridional 

+195 

+277 

+6,230^ 

+8,8^7 

<c 

0  0 

r 

0 

Circumferential 

- 

+003 
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(a)  Calculated  and  tested  for  0.060-in,  compression  and  10-psi  internal  pressure. 

(b)  Calculated  on  the  assumption  that  S./5L  =  5.38  (see  Table  F-4). 

(c)  Calculated  on  the  assumption  that  S^/Sl  “  3-25  (see  Table  F-4). 
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FIGURE  F-l.  CROSS  SECTION  OF  IrINCH,  1-ELY  FORMED 
BELLOWS  JD29  -  TYPE  321  STAINLESS  STEEL 


FIGURE  F-2,  ENLARGED  VIEW  OF  CONVOLUTIONS  OF  CROSS  SECTIONED 
1-INCH,  1-PLY  FORMED  BELLOWS  JD?-9  -  TYPE  321 
STAINLESS  STEEL 
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Distance, parallel  Co  centerline  of  bellows,, Inches 


FIGURE  F-3. 


FIGURE  F 


SHAPE  OF  CONVOLUTIONS  2  AND  3  OF  I -INCH  BELLOWS  JD29 


4.  MATHEMATICAL  MODEL  OF  CONVOLUTION  NO  3  OF 
1 -INCH  BELLOWS  JD29 


Thickness,  Inch** 


FIGURE  F-  5.  THICKNESS  VARIATION  FOR  PARTS  1  - 1 1  FOR  1  -INCH  BELLOWS 
JD29  (nominal  thickness  =  0  005  inch) 

Circled  points  indicate  measured  thicknesses  and  solid  line  is> 
thickness  variation  used  for  parts  1-11  in  mathematical  model 
shown  in  Figure  F-4, 


FIGURE  F-6.  THICKNESS  VARIATION  FOR  PARTS  12-20  FOR  1-INCH  BELLOWS 
JD29  (nominal  thickness  =  0.  005  inch) 

Circled  points  indicate  measured  thicknesses  and  solid  line  is  thick¬ 
ness  variation  used  for  parts  12-20  in  mathematical  model  shown  in 
Figure  F-4. 


F-13  and  F-14 
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STRESS  ANALYSIS  OF  A  3-  AND  A  1-INCH  TWO-PLY  FORMED 
BELLOWS  -  TYPE  321  STAINLESS  STEEL 
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STRESS  ANALYSIS  OF  A  3-  AND  A  I -INCH  TWO-PLY  FORMED 
BELLOWS  -  TYPE  321  STAINLESS  STEEL 


The  exact  analysis  of  a  two-ply  bellows,  is  believed  to  be  beyond  the  present  state 
of  the  art  of  bellows  analysis.  Early  in  the  program,  an  approximate  theoretical  model 
was  developed  to  incorporate  some  of  the  features  of  two-ply  bellows*  In  the  modeling, 
technique,  each  two-ply  bellows  was  to  be  replaced  with  a  multila.yer  shell  having  the 
same  shape  and  having  equivalent  membrane  and  bending  stiffnesses.  This  approach 
was  based  on  information  obtained  during  the  states  of- the- art  survey  in  which  it  was  re¬ 
ported  that  with  low  pressure  the  plies  of  a  multiple-ply  bellows  move  relatively  inde¬ 
pendently,  but  with  sufficiently  high  pressure,  the  plies  "lock  up"  and  the  bellows  be¬ 
haves  more  like  a  one-ply  bellows  having  a  thickness  equal  to  the  total  thickness  of  all 
the  plies. 

The  multilayer  model  chosen  to  represent  the  two-ply  bellows  was  to  be  a  three- 
layer  sandwich  shell  with  layers  of  equal  thickness.  It  was  intended  that  fictitious  val¬ 
ues  for  Young's  modulus,  for  the  different  layers,  would  be  utilized  to  adjust  the  bending 
stiffness  of  each  multilayer- bellows  model  so  that  it  would  have  the  same  spring  rate 
and  stresses  as  the  experimentally  determined  values  for  the  bellows  of  interest.  It  was 
determined  that  such  an  approach  would  permit  a  sufficient  variation  in  the  bending  stiff¬ 
ness  that  the  case  in  which  the  two  plies  were  completely  free  to  slide  could  be  analyzed, 
as  well  as  the  case  in  which  the  plies  were  completely  locked  together.  Any  interme¬ 
diate  bending  stiffness  could  also  be  selected  to  correspond  to  partial  sliding  between  the 
plies.  Because  the  amount  of  friction  was  expected  to  vary  with  configuration  and  in¬ 
ternal  pressure,  it  was  recognized  that  design  nomographs  might  have  tc  be  developed 
for  typical  conditions. 


Mathematical  Models 


When  the  order  was  placed  for  tne  formed  bellows,  it  was  requested  that  the  one- 
and  two-ply,  3-  and  1-inch  bellows  be  tiade  as  similar  as  possible.  An  examination  of 
the  cross- sectioned  specimens  showec  that  the  shapes  of  the  two-ply  bellows  were  es¬ 
sentially  the  same  as  for  the  one-ply  bellows.  Also,  checks  of  the  thickness  variations 
at  typical  locations  showed  that  the  forming  process  had  produced  essentially  the  same 
variations  in  the  one-  and  two-ply  bellows.  The  one  significant  difference  noted  was  the 
fact  that  the  plies  of  the  3-inch  two-ply  bellows,  as  shown  in  Figures  G-l  and  G-2,  were 
significantly  separated  over  much  of  their  length,  while  the  plies  of  the  1-inch  two-ply 
bellows,  as  shown  in  Figures  G-3  and  G-4,  were  quite  close  together.  This  difference, 
however,  proved  to  be  beneficial  because  it  permitted  an  evaluation  of  the  effect  of  ply 
separation. 

Following  these  examinations,  it  was  decided  that  the  geometries  used  for  the  one- 
ply  3-  and  1-inch  bellows  would  be  sufficiently  accurate  for  the  geometries  of  the  two- 
ply  bellows.  (Tables  E- 1  and  E-2  and  Figures  E- 3  and  E-4  of  Appendix  E  describe  the 
geometric  properties  of  the  3-inch  one-ply  bellows,  while  Tables  F- 1  and  F-2  and  Fig¬ 
ures  F-3  through  F-6  of  Appendix  F  describe  the  geometric  properties  of  the  1-inch 
one-ply  bellows. ) 
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Theoretically  Predicted  Bounds  for  Stresses 
and  Spring  Rates 

The  multiple-ply  shell  was. assumed  to  have  the  same  membrane  rigidity  and  a 
bending  rigidity  of  k  times  the  rigidity  of  a  single-ply  shell  of  the  same  total  thickness, 
where  k  was- some  number  less  than  1.  The  value  of  k  was  expected  to  decrease  as  the 
number  of  plies  increased  and  increase  with  increasing  friction  between  the  plies.  For 
two-ply  bellows,  k  was  expected  to  lie  between  1/4  and  1.  If  the  plies  were  completely 
free  to  slide,  k  would  be  1/4,  while  if  the  plies  were  completely  locked,  k  would  equal1  1. 

To  facilitate  analysis  of  the  experimental  results,  calculations  were  made  of  the 
theoretical  spring  rates  and  typical  theoretical  meridional  stresses  for  the  3-  and  1-inch 
two-ply  bellows  for  k  =  l/4j  5/8,  arid  1.  The  results  are  shown  in  Tables  G-  1  and  G-2, 


Determination  of  k  by  Spring-Rate  Measurement 

An  examination  of  Table  G- 1  shows  the  effect  oh  spring  rate  of  a  change  in  k.. 
When  there  is  no  interference  between  the  plies  (k  =  1/4)  the  spring  rate  of  the  two-ply 
bellows  should  be  twice  the  spririg  rate  of  the  corresponding  1-ply  bellows.  As  k  in- 
creases  with  increasing  interaction  between  the  plies,  the  spring  rate  also  increases; 
Thus,  a  comparison  of  the  measured  spring  rates  of  the  one-  and  two-ply  bellows  was 
expected  to  give  an  indication  of  the  value  of  k.  Further,  a  comparison  of  the  spring 
rates  of  each  bellows  at  different  deflections  and  at  different  pressures  was  expected  to 
give  an  indication  of  the  effects  of  pressure  or  deflection  on  the  interaction  between  the 
plies. 


The  experimental  spring  rates  for  the  3-inch  one-  and  two-ply  bellows  are  shown 
in  Table  G-3,  For  the  one-ply  bellows,  tests  were  conducted  at  0  psi  and  at  25  psi. 

The  tests  were  conducted  at  two  deflections  (corresponding  to  those  used  for  the  fatigue 
tests),  with  equal  extension  and  compression.  The  two-ply  3-inch  bellows  was  tested  at 
0,  8,  16,  and  25  psi  to  provide  data  concerning  the  effect  of  pressure  on  ply  interaction. 
Table  G-4  shows  similar  test  results  for  the  one-  and  two-ply  1-inch  bellows.  The 
pressure  values  were  selected  sufficiently  low  to  eliminate  the  problem  of  squirming 
which  was  found  at  higher  pressures  (see  Appendix  J). 

An  examination  of  Tables  G-3  and  G-4  shows  that  there  was  no  apparent  effect  of 
pressure  or  deflection  on  the  spring  rate  of  either  two-ply  bellows.  This  indicated  that 
no  increase  in  friction  occurred  for  the  pressures  or  deflections  considered. 

A  comparison  of  the  experimental  spring  rates  for  the  3-inch  one-  and  two-ply  bel¬ 
lows  (see  Table  G-3)  shows  a  ratio  of  2.06  and  2,  08  for  the  bellows  in  compression  and 
tension  respectively.  As  shown  in  Table  G-4,  the  ratios  of  the  experimental  spring 
rates  for  the  1-inch  bellows  were  1.  75  for  compression  and  1.  95  for  tension.  The  lower 
ratios,  which  were  not  possible  theoretically  if  the  one-  and  two-ply  bellows  cross  sec¬ 
tions  were  identical,  were  probably  the  result  of  slight  differences  in  the  cross  section 
geometries.  For  instance,  a  check  of  the  thickness  at  all  of  the  crowns  of  the  1-inch 
one-  and  two-ply  cross- sectioned  bellows  showed  that  the  two-ply  bellows  were  slightly 
thinner  than  the  one-ply  bellows.  This  would  at  least  partially  account  for  the  lower 
spring- rate  ratio. 

It  was  concluded  that  the  relative  values  of  the  spring  rates  indicated  that  there  was 
no  interaction  between  the  plies  for  axial  deflection  of  either  the  3- inch  or  the  1-inch 
two-ply  bellows. 
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Determination  of  k  by , Deflection-;,  Strain  Measurement 

As  shown  in  Table  G-2,  the  stresses  due  to  deflection  increase  as  k  increases. 
Because  of  the  similarity  of  the  one-  and,  two-ply  bellows  for  each  size,  it  was  believed 
that  another  check  on  the  value  of  k  could  be  obtained  by  a  direct  comparison  of  the  mea¬ 
sured  deflection  strains  for  the  one-  and  two-ply  bellows. 

Tables  G-5  through  G- 8  show  the  strains  due  to  deflection  in  the  3-  and  1-inch 'two- 
ply  bellows  as  determined  by  tests  conducted  similarly  to  those  described  in  Append 
dixes  E  and  F.  The  locations  of  the  gages  on  the  two-ply  bellows  were  the  same  as  the 
locations  of  the  gages  on  the  one-ply  bellows.  Tables  G-9  and  G-10  summarize  the 
strains  at  the  "middle"  convolution  for  the  3-  and  1-inch  one-  and  two-ply  bellows. 

Gages  1,1  and  12  were  circumferential  gages  and  Gages  13,  15,  and  17  were  meridional 
gages  on  the  crown  of  the  same  convolution  for  each  bellows. 

Table  G-9  snows  that  the  strains  in  the  3-inch  one^  and  two-ply  bellows  were  es¬ 
sentially  the  same  for  equal  deflections.  This  indicated  that  the  plies  of  the  two-ply  bel¬ 
lows  moved  independently  during  deflection  and  that  k  =  1/4  for  the  3rinch  two-ply 
bellows. 

Table  G-10  shows  that  the  strains  iii  the  1-inch  one-  and  two-ply  bellows  were 
similar  for  the  two  circumferential  gages  and  one  meridional  gage.  For  the  two  other 
meridional  gages,  the  strains  in  the  two-ply  bellows  were  significantly  less  than  those 
in  the  one-ply  bellows.  The  reason  for  these  differences  is  unexplained.  The  high 
meridional  strains  for  the  orie-ply  bellows  were  close  to  those  predicted  by  the  mathe¬ 
matical  model  (see  Appendix  F)  Further,  all  gages  gave  consistent  readings  for  com¬ 
pression  and  extension,  with  and  without  pressure,  indicating  that  no  interaction  between 
the  plies  was  apparent.  Consequently,  the  reduced  deflection  strains  were  apparently 
the  results  of  some  other  factor.  However,  since  no  significant  increase  in  deflection 
strain  was  noted  in  either  two-ply  bellows  as  compared  with  the  one-ply  bellows,  the 
experimentally  determined  deflection  strains  indicated  that  k  =  1/4  for  the  3-  and  1-inch 
two-ply  bellows. 


Determination  of  k  by  Pressure-Strain  Measurement 


As  shown  in  Table  G-2,  the  calculated  stresses  due  to  pressure  decrease  with  in¬ 
creasing  k.  Again,  because  of  the  similarity  of  the  one-  and  two-ply  bellows  for  each 
size,  another  check  on  k  for  each  two-ply  bellows  was  provided  by  a  direct  comparison 
of  the  measured  pressure  strains  for  the  one-  and  two-ply  bellows. 

Tables  G-ll  through  G-14  show  the  strains  due  to  pressure  in  the  3-  and  1-inch 
two-ply  bellows  as  determined  by  tests  conducted  similarly  to  those  described  in  Ap¬ 
pendixes  E  and  F.  Tables  G-15  and  G-16  summarize  the  pressure  strains  at  the  middle 
convolution  for  10-psi  increments  of  internal  pressure  in  the  3-inch  one-  and  two-ply 
bellows,  respectively.  The  results  of  three  tests  and  the  averages  of  the  readings  are 
given.  Gage  No.  18  was  a  meridional  gage  on  the  inside  surface  of  the  root  of  the  con¬ 
volution  on  the  crown  of  which  the  other  gages  were  located.  The  strain  increments  of 
the  one-ply  bellows  were  approximately  the  same  for  each  increment  of  pressure,  while 
the  strain  increments  of  the  two-ply  bellows  decreased  somewhat  as  the  pressure  in¬ 
creased.  This  indicated  an  interaction  between  the  plies.  Further,  a  comparison  of 
Tables  G-15  and  G-16  shows  that  the  pressure  strains  in  the  two-ply  bellows  were 
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approximately  30  percent  of  the  pressure  strains  in  the  one-ply  bellows.  As  shown  in 
Table  G~2,  this  reduction  iri  pressure  stresses  implied  that  k  was  close  to  1. 

.  Tables  G-17  and  G- 18  show  the  strains  for  10-psi  pressure  increments  in  the 
1-inch  one-  and  two-ply  bellows j  respectively;  These  readings  were  somewhat  more 
difficult  to  evaluate  than  the  results  for  the  3- inch  bellows,  particularly  since  the  strain- 
gage  readings  for  the  1- inch  one- ply  bellows  were  not  as  consistent  as  the  re  suits  for  the 
3-inc’n  bellows.  However,  the  ratios  between  the  recorded  strains  for  the  two-ply  1-inch 
bellows  and  the  strains  for  the  one-ply  bellows  were  apparently  nearer  to  0.  5  than  6.  3. 
This  indicated  that  there  was  less  friction  between  plies  in  the  one-inch  bellows  under 
pressure  than  in  the  3-inch  bellows.  However,  since  the  plies  of  the  3-inch  bellows 
were  more  widely  separated  than  the  piies  of  the  one-inch  bellows,  this  appeared  to  be 
a  direct  contradiction  of  the  friction  model. 


Discussion  of  the  Behavior  of  Two-Ply  Bellows 


After  considerable  study  of  the  experimental  data  dor  the  one-  and  two-ply  3- inch 
and  lrinch  bellows,  and  after  a  comparison  of  the  results  with  the  predictions  of  the 
theoretical  models,  it  was  concluded  that  there  was  no  significant  frictional  interaction 
between  the  plies  of  the  two-ply  bellows  for  any  of  the  test  conditions.  A  possible  ex¬ 
planation  of  the  absence  of  appreciable  friction  is  the  fact  that  a  bellows  shell  can  sup¬ 
port  only  a  small  normal  load,  (For  instance,  the  pressure  loads  on.  the  bellows  were 
only  50  psi  or  less. )  It  was  concluded  that  the  principal  interaction  between  the  plies  in 
a  two-ply  bellows  probably  occurs  because  of  restrictions  to  the  normal  deflection  of  the 
plies  when  they  contact.  This  will  be  discussed  in  terms  of  deflection  and  pressure. 


Behavior  During  Deflection.  Ply  interaction  will  not  normally  occur  during  axial 
deflection  because  both  plies  tend  to  act  as  individual  bellows  and  to  deform  in  the  same 
manner.  As  noted  previously,  the  absence  of  ply  interaction  during  deflection  for  the 
3-  and  1-inch  two-ply  bellows  was  indicated  by  the  spring-rate  measurements  and  by  the 
measured  strains. 


Behavior  During  Pressure  Loading.  The  behavior  of  the  two-ply  bellows  under 
pressure  loading  can  be  explained  by  the  assumption  that  interaction  between  the  plies 
tends  to  restrict  deflections  due  to  pressure.  A  comparison  of  Tables  G-15  and  G-16 
shows  that  the  measured  meridional  surface  strains  at  the  inside  surface  of  the  root  and 
the  outside  surface  of  the  crown  of  the  3-inch  two-ply  bellows  convolutions  were  signif¬ 
icantly  lower  than  for  the  one-ply  bellows.  An  examination  of  the  two-ply  bellows  cross 
section  in  Figure  G-2  shows  there  was  a  considerable  gap  between  the  plies  near  the 
crown  of  the  bellows  but  not  at  the  root  of  the  bellows.  Thus,  reduced  load  transference 
between  the  inner  and  outer  plies  at  the  bellows  crown  would  explain  the  low  strains  on 
the  crown  of  the  outer  ply  with  internal  pressure,  and  the  high  strains  on  the  crown  of 
the  outer  ply  with  external  pressure.  At  the  bellows  root,  the  interference  between  the 
plies  might  permit  the  outer  ply  to  share  the  load  and  reduce  the  stress  level  at  the 
inner-ply  root.  Note  that  there  was  also  a  gap  between  the  plies  over  the  flat-plate  por¬ 
tion  of  the  bellows.  This  could  have  permitted  the  interaction  between  the  plies  to  be 
localized  at  the  root.  This  conclusion  is  supported  by  theoretical  calculations  which 
showed  that  the  normal  deflection  of  the  pressurized  inner  ply  in  the  flat-plate  area  are 
barely  sufficient  to  close  the  gap  between  the  plies,  even  if  the  inner  ply  were  com¬ 
pletely  free  to  deform. 
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Iri  contrast,  Figure  G-4  Shows  that;the  1- inch  two-ply  bellows  was  in  contact  over 
essentially  the  entire  bellows  cross  section  even  imthe  unloaded  condition.  Therefore, 
under  internal  pressure  the  two  piies  would  contact  over  the  entire  cross:  section*  la¬ 
this.  case  -both  plies  would  share  the  load  equally  and  the  surface  stresses  everywhere  in 
both  plies  would  be  about  one-half  the  stresses  in  the  one- ply  bellows.  This  is  supported 
by  the  data  in  Tables  .Q- 17  and* G- 18  which  show  that  the  pressure  strains  in  the  two-ply 
bellows  were  approximately  one-half  the  pressure  strains  in  the  single- ply  bellows. 


Conclusions 

The  experimental  data  obtained  for  the  3-  and  1-inch  two-ply  bellows  indicate  that 
the  interaction  between  the  plies  is  considerably  more  complex  than  the  assumptions 
made  for  the  theoretical  model.  Thus,  the  model  was  not  sufficiently  general  to  explain 
all  of  the  observed  behavior.  Eventually  it  may  be  possible  to  develop  an  exact  theory  of 
a  two-ply  bellows.  Such  a  theory -would  probably  involve  the  iterative  solution  of  a  very 
nonlinear  problem.  The  solution  would  have  to  be  obtained  by  starting  with  an  exact 
model  of  the  undeformed  bellows  cross  section  as  determined  by  sectioning.  Then  the 
deformed  state  of  the  bellows  would  have  to  be  determined' by  applying  the  load  in  small 
increments  with  a  determination  of  the  new  contact  area  between  the  plies  at  each  step. 
Even  if  the  bellows  was  assumed  to  contact  uniformly  over  a  progressively  larger  area 
with  increasing  deformation,  this  would  be  a  formidable  problem. 

Fortunately,  on  the  basis  of  similar  experimental  data  for  a  two-ply  bellows  with 
closely  spaced  plies  and  for  a  two-ply  bellows  with  significantly  separated  plies,  it  is 
believed  that  useful  estimates  can  be  made  of  some  of  the  critical  performance  charac¬ 
teristics  of  two-ply  bellows  (at  least  in  the  intermediate  pressure  range). 

It  is  recommended  that  the  behavior  of  a  two-ply  bellows  be  related  to  a  corre¬ 
sponding  one-ply  bellows  with  the  same  cross-sectional  shape,  and  with  a  thickness  equal 
to  the  thickness  of  one  ply.  The  stresses  and  spring  rate  of  this  single-ply  bellows  can 
be  found  with  the  analysis  procedure  described  in  Appendix  B.  The  spring  irate  of  the 
two-ply  bellows  will  be  approximately  twice  the  spring  rate  of  the  single-ply  bellows. 

The  deflection  stresses  in  the  two-ply  bellows  can  be  conservatively  estimated  as  being 
equal  to  the  stresses  in  the  single-ply  bellows.  This  is  particularly  true  for  estimating 
fatigue  life  under  axial  deflection.  The  fatigue  lives  of  the  single-  and  two-ply  test  bel¬ 
lows  were  essentially  equal  for  equal  deflection  strains  (see  Appendix  L). 

For  pressure  loading,  the  stresses  in  the  bellows  will  vary  between  0.  5  and  1.  0 
times  the  stresses  in  the  single-ply  bellows,  depending  on  the  amount  of  separation  of 
the  plies.  Unless  the  plies  can  be  determined  by  sectioning  to  be  as  close  together  as 
those  for  the  1-inch  two-ply  bellows,  it  is  believed  that  the  values  of  the  pressure 
stresses  for  the  one-ply  bellows  should  be  used  as  the  maximum  stresses  in  the  two-ply 
bellows.  Fortunately  the  fatigue  tests  have  shown  that  a  constant  pressure  does  not  af¬ 
fect  the  fatigue  life  of  a  stainless  steel  bellows  provided  the  bellows  is  not  excessively 
deformed. 
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TABLE  6-1.  THEORETICAL  SPRING  RATES  FOR  3 -AND  1-H5CH  TWO-PLY 
STAINLESS  STEEL  FORMED  BELLOWS  FOR  SELECTED  VALUES 
OF  k 


Bellows 

Minimum,  Intermediate,  'and  Maximum  Values  of  k 

0.25-  ; 

.  0.625  : " ; ;  - 

i.O 

3-inch,  JDT7 

324  ib/in 

723  lb/in 

1120  lb/in 

1-inch,  JD18 

173  lb/in 

391  lb/in 

607  lb/in 

TABLE  G-2.  THEORETICAL  MERIDIONAL  STRESSES*  IN  3-  AND  1- INCH  TWO-PLY  STAINr 
LESS  STEEL  BELLOWS  FOR  SELECTED  VALUES  OF  k 


Minimum,  Intermediate,  and  Maximum  Values, of  k 


0.25 


Posi- 


Bending 
Stress, 

Membrane  Outer 


0.625 


1:0 . 


Membrane 


Bending- 

Stress,. 

Outer 


Membrane 


Bending 

Stress^ 

Outer 


K, 

M 

tion 

Stress 

Surface 

Stress 

Surface, 

Stress^ .  Surface 

rA 

# 

co| 

%  S| 

Root 

-4538.6 

-518,400 

-10,120.0 

-757,840 

-15,691.8  -.1,003,430 

ro 

C 

,_i 

51  B 

o 

Crown 

-4284.3 

+415,358 

-  9,553.9 

+676,600 

-14,812.7  +920,7.40 

n 

CO 

to  £ 
0)  o 

1-1  d)i 

^ 

W 

Root 

-11.146 

-881.627 

-11.274 

-360.113 

-II.306  -226.211 

3} 

U 

<u  w 

•P  (U 

Crown 

+11-573 

-731.502 

+11.452 

-307.363 

+11.422  -194.574 

TO 

g 

H 

H 

7i 

Root 

-5323.3 

-522,126 

-12,039.8 

-774,172 

-18,712.2  -1,028,220 

*■ 

♦H  (1) 

£  s. 

Crown 

^4586.8 

+353,159 

-10,374.3 

+621,514 

-16,120.0  +864,192 

H 

i 

O 

Root 

-5483.1 

-591,203 

-12,401.1 

-872,054 

-19,273.4  -1,155,540 

P 

•H 

CO 

H  <y 

1  g 

P  W 
0)  CO 

Root 

-9.646 

-566.607 

-9.793 

-238.104 

-9.836  -150.489 

0) 

CO 

CO 

Crown 

+10.313 

-434.824 

+10.186 

-208.579 

+10.148  -136.938 

0) 

u 

g 

!§«s 

Root 

-IO.966 

-736.877 

-11.117 

-317.778 

-II.162  -202.815 

*  Plus  values  are  tensile  stresses,  minus  values  are  compressive  stresses; 
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TABLE  G-3.  SUMMARY  OF  EXPERIMENTAL  SPRING  RATES  FOR  3tINCH  ONE-  AMD  TWO- 
PLY  STAINLESS  STEEL  FORMED  BELLOWS 


Spring  Rate 

Spring  Rate 

Spring  Rate 

Spring  Rate 

Comb. 

Deflection 

Stroke, 

at  0  psi, 

at  8  psi. 

at  16  psi. 

at  25  psi. 

AV.,; 

'Mode 

in.  , 

lb/ in.  , 

lb/in. 

.  lb/iri. 

lb /in. 

ib/in. 

£o\ 

Compression 

.205 

145-9 

152.9 

' 

.340 

133.3 

147.6 

145.0 

1> 

^  O 
O  H 

Av. 

139.6 

150.3. 

-Tension 

.205 

170.5 

188.8 

G  H 

3* 

GO 

.340 

av. 

173.7 

172.1 

189.6 

189.2 

186.7 

|?CO 

^Compression 

.240 

306.2 

317.2 

312.9 

285.2 

•385 

273.4 

304.2 

298.3 

.292.7 

O  h) 

av. 

289.8 

310.7 

305.6 

289.0 

298.8 

,£H  (0 

.240 

364.6 

385.O 

368.3 

^  B 

Tension 

383.3 

0:H; 

C'r-f  1 

; 

.385 

366.2 

388.4 

389.9 

364.7 

H  <u 
'  « 
CO  j 

. 

av. 

365.4 

386.7 

386.6 

367.0 

376.4 

TABLE  G-4.  SUMMARY  OF  EXPERIMENTAL  SPRING  RATES  FOR  1-INCH  ONE-  AND  TWO- 
PLY  STAINLESS- STEEL  FORMED  BELLOWS 


Deflect ion 
Mode 

Stroke, 

in 

Spring  Rate 
at  0  psi, 
ib/in 

Spring  Rate 
at  16  psi , 
Ib/in 

Spring  Rate 
at  50  psi, 
lb/ in 

Comb . 
Av 

lb/in 

One-Inch  One-Ply 
Bellows  JD28 

Compression 

Tension 

.100 

.175 

av. 

.100 

.175 

av. 

67.5 

68.2 

67.9 

76.3 

79-4 

77.8 

68.0 

65.7 

66.9 

73.0 

76.9 

75.0 

67.4 

76.4 

H  t— 

Compression 

.090 

122.9 

119.7 

120.0 

.150 

115.9 

115.6 

114.5 

^  w 

av. 

119.4 

117.7 

117.3 

118.1 

a  B 

O  H 

Tension 

.090 

144.4 

147.2 

i4o.8 

1  PQ 

.150 

151.7 

150.9 

151.9 

0) 

<§ 

av. 

148.1 

149.1 

146.4 

148.9 
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TABLE  0-5-  DEFLECTION  SWAINS  FOR  CCMESE3SI0N  AND  EXTENSION  CF  3-INCH  TWO-PLY 
FORMED  BELLOWS— NO  IHTERNAL  PRESSURE (c) 


Microiriches  of.  Strati/8),  Bellows  lnCcmpression  Microinches  of  Strain^*).  Bellows  in  Extension 


Gage 

No. 

Test 
No,  j. 

Test 
-No.  2 

Test 
No.  3 

Test 
No.  4 

Test 
No.  5 

Compression 

Average 

Test  " 
..No.  1 

Test  ' 

.  No.  2 

Test 
No.  3 

Test 
No.  .  4 

Test 
No.  5 

Extension 
Average  , 

Combined' 

Average 

11 

1  GO 

157 

180 

.172 

180 

170 

188 

193. 

185 

I85 

.183 

187 

179 

.12 

172 

172 

.182 

185 

190 

180 

195 

190 

198 

193 

195 

195 

188 

c 

13 

372 

380 

417 

407 

422 

'400 

410 

423 

405 

418 

4o8 

413 

407 

14 

360 

362 

375 

380 

392 

374 

375 

393 

380 

480- 

398 

1*05 

390 

15 

372 

377 

402 

4oo, 

420 

394 

380 

390 

390 

393 

393 

389 

392 

t1 

16 

■375 

375 

400 

407 

410 

393 

410 

420 

405 

408 

408 

4l0 

402 

<• 

•if 

425 

422 

477 

460 

447 

446 

445 

455 

455 

453 

463- 

454 

450 

u 

-18 

507 

620 

575 

557 

562 

564 

582 

693 

590 

593 

578 

607 

586, 

19 

527 

522 

580 

575 

575 

556 

585 

595 

590 

590 

585 

589 

573i 

(a)  All  measured  strains  in  compression  were  tensile-deflection  was  0.060  inch. 

(b)  All  measured  strains  in  extension  were  canpressive — deflection  was  0.060  inch. 

(c)  Compression  and  extension  tests  were  alternated. 


•TABLE  G-6.  DEFLECTION  STRAINS  FOR  3-INCH  TWO-PLY  FORMED  BELLCWS  COMPRESSED  AND 
EXTENDED,  AND  PRESSURIZED  INTERNALLY  AND  EXTERNALLY  TO  30  PSI 


Microinches  of  Strain®, 

Bellows  in  Compression 

Microinches  of  Strain'0'. 

Bellows  in  Extension 

Compression 

Extension 

Combined 

No. 

0  psi 

10  psi 

20  psj 

L  30  psi 

Average 

0  psi 

10  psi 

20  psi 

30  psi 

Average 

Average 

11 

157 

165 

165 

175 

166 

183 

183 

185 

190 

185 

176 

12 

185 

180 

182 

185 

183 

200 

200 

205 

195 

200 

192 

CJ 

13 

377 

397 

395 

393 

391 

408 

415 

415 

423 

415 

403 

u 

w 

ra 

14 

337 

332 

380 

392 

360 

380 

375 

398 

425 

395 

378 

£ 

15 

370 

380 

412 

422 

396 

390 

383 

4 18 

420 

403 

400 

cl 

c 

h 

16 

395 

400 

397 

402 

399 

410 

395 

413 

4l8 

409 

4o4 

ci 

H 

17 

447 

427 

452 

462 

447 

450 

450 

455 

458 

453 

450 

18 

607 

592 

575 

565 

585 

570 

560 

543 

548 

555 

570 

19 

550 

547 

542 

537 

544 

563 

543 

575 

533 

554 

549 

j 

d  «> 

sn 

11 

207 

200 

200 

208 

204 

200 

200 

198 

193 

198 

203. 

1)  w 

SiJ 

13 

455 

450 

435 

430 

443 

423 

435 

425 

413 

424 

434 

(a)  All  measured  strains  in  compression  were  tensile— deflection  was  0.060  inch. 

(b)  All  measui-ed  strains  in  extension  were  eompre38ive--defleetion  was  0.060  inch. 


G-8 


CABLE  G-7.  DEHSCTION  SSA1NS  FOR  C CKrRESSION  AMD  EXTENSION  0?  1-INCH 
TWO-PLY  FORMED  BELLOWS — KO  IMITMiAL  PRESSURE (c) 


Gage 

No. 

Microinches 

of  Strain^.  Bellows  in 

Compression 

Microinches  of  Strain^*3).  Bellows  in -Extension 

Combined 
.  Average 

Test 
No.  1 

Test 
No.’  2 

Test 
No.  3 

Test 
No.  4 

Test 
No.  5 

.Compression 
Average  . 

Test 
No.  1. 

Test 
No.  2  - 

Test 
No.  3 

Test 
No.  4 

Test 
No;  2. 

Extension 

Average 

11 

467 

470 

477 

452 

462 

466 

503 

500 

513 

435 

495 

489 

478 

12 

447 

460 

452 

435 

462 

451 

495 

460 

503: 

425 

483 

473 

462 

13 

637 

807 

870 

735 

757 

761 

678 

610 

723 

595 

683 

659 

710 

795 

890 

872 

892 

872 

864 

745 

66 3 

695 

643 

725 

694 

779 

15 

588 

632 

625 

580 

610 

607 

5^5 

490 

573' 

473 

538 

524 

566 

16 

620 

492 

600 

515 

535 

562 

608 

523 

■605 

458 

52C 

5^3 

553 

17 

645 

610 

655 

■617 

637 

635 

570 

530 

583 

495 

553 

546 

591 

18 

1262 

1285 

1267 

1242 

’.282 

1268 

1210 

1115 

1255 

1065 

1208 

1171 

1220 

19 

1535 

1570 

1620 

1640 

l6C2 

1593 

1650 

1620 

1568 

1425 

1625 

1578 

1586 

(a)  All  measured  strains  in  compression  were  tensile- -deflect ion  was  0.060  inch. 

(b)  Ail  measured  strains  in  extension  were  compressive— deflection  was  0.060  inch. 

(c)  Compression  and  extension  tests  were  alternated. 


TABLE  G-8.  DEFLECTION  STRAINS  FOR  1-INCK  TWO-PLY  FORMED  BELLOWS  CCMFRESSEL 

Aim  EXTENDED,  AND  PRESSURIZED  INTERNALLY  AND  EXTERNALLY  TO  50  PSI 


Microinches  of  Strain^. 

Bellow 

3  in  Compression 

Microinches 

of  Strait/*3).  Bellows  in  Extension 

Gage 
No.  . 

0 

psi 

10 

psi 

20 

psi 

30 

psi 

40 

psi 

50 

psi 

Compression 

Average 

ifl 

10 

psi 

20 

PSi 

30 

.psi 

4o 

psi 

50 

psi 

Extension 

Average 

Combined 

Average 

11 

239 

234 

235 

238 

238 

237 

237 

249 

247 

249 

247 

243 

240 

246 

242 

12 

241 

235 

240 

237 

235 

244 

239 

249 

247 

242 

239 

237 

247 

244 

242 

0 

(A 

(0 

13 

345 

360 

346 

374 

349 

374 

358 

354 

337 

340 

327 

344 

326 

336 

347 

14 

432 

424 

429 

433 

439 

440 

433 

371 

373 

370 

368 

368 

379 

372 

403 

£ 

15 

290 

286 

287 

291 

291 

287 

289 

281 

283 

279 

275 

284 

274 

279 

274 

16 

260 

258 

259 

256 

253 

253 

256 

273 

272 

269 

266 

268 

267 

269 

263 

U 

<J 

17 

2  99 

295 

299 

287 

290 

292 

2  98 

297 

302 

282 

287 

269 

291 

288 

292 

8 

18 

6l4 

624 

6l4 

615 

619 

625 

619 

620 

610 

608 

602 

599 

603 

607 

613 

19 

804 

815 

813 

820 

826 

823 

817 

798 

790 

801 

803 

797 

805 

799 

808 

rj  V 
1 

11 

24  6 

242 

250 

246 

258 

244 

248 

261 

251 

244 

243 

238 

245 

247 

248 

U  w 
0  w 

w  £ 

13 

34  9 

334 

330 

34 1 

325 

335 

337 

320 

307 

309 

302 

311 

305 

309 

323 

(a)  All  measured  strains  in  compression  were  tensile-deflection  was  0.030  inch-average  of  two  tests. 

(b)  All  measured  strains  in  extension  were  compressive— deflection  was  0.030  inch— average  of  two  tests. 
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iab  o-9.  DBFLEcnur  strains*  r®  o.66o-acn  cckfressick  cf  3-uch 
CB-  ABC  BKWLY  BH10WS  (CROW  C?  OONVOlfflCBBO.  5) 


Hlcrolnches  of  Tensile  Strain-,  uln./in. 

Gage 

lo. 

■Test 
No.  1 

Test 

Mo.  ? 

Test' 

Mo.  3 

Test 

Mo.  hi  _ 

Test- 
Ho.  5-  . 

Average 

§  ; 
*9 

5  uv 

1 « 

£-3 

a  — 

«n  __ 

ii 

:12 

13 

'15 

.17 

.? 

175 

180 

375 

■410 

417 

iit 

175 

397 

425 

4co 

180- 

180 

392 

397 

465 

i&r 

182 

395 

-405 

407 

182. 

180 

395 

402 

405 

1.80 

179 

391 

4o3’ 

407 

CO 

& 

U 

ifio 

157 

180 

172 

180 

170 

2  in 

8  <J. 

12 

172 

172 

182. 

185 

190 

180 

H 

13 

372 

380- 

4lf 

407 

422 

4oo 

hi 

15 

372 

377 

402 

400 

420 

394 

Pi  V 
o  $ 

s  - 

17 

425 

422 

477 

4o0 

447 

-446 

fO 

.. 

*  All  neasured  strains  vere  tensile. 


TABLE  G-lO.DEfTECTICK  SIRAIBS*  FOR  O.06O-IBCH  CCMPRESSION -.OF  1-INCII 
CUE-  ADD  TWO-PLY.  BELLOWS  (CROWN  CF  CCHVCLOTIOB  NO.  4) 


-  Hlcrolnches  of  Tensile  Strain,  nln./ln. 

Test  test  Test  '  Test  :  Test 

No.  1  No.  2,  Bo.;  3  No.  4 .  No.  5  -  Average 


.Q«t* 

No. 


CO 

1 

11 

490 

480 

487 

490 

480 

485 

to 

8  - 

12 

390 

375 

385 

370 

380 

376 

5)  V 

£  I- 
« 

A?  2 

13 

805 

775 

632 

792 

765 

794 

1  & 

C 

5  A 

,C 

o 

15 

1127 

1122 

1125 

1125 

1117 

1123 

fl 

1 

17 

1052 

1047 

1047 

1042 

1030 

1044 

8 

» 

3  *7 

fa 

51 


11 

467 

470 

4  77 

452 

462 

466 

12 

447 

460 

452 

435 

462 

451 

13 

637 

807 

870 

733 

757 

761 

15 

588 

632 

625 

580 

610 

607 

17 

645 

610 

655 

617 

637 

633 

*  All  neasured  strains  were  tensile. 
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IA2U  0-lli  PRESSURE  STRAINS  TOR  3rI»CH:TVCt-H,Y  FORMED  BELLOS 
PRESSURIZED  EnSRJHILT  AHD  EXTERHALLY--NO  DEFLOTIOR 

:  -  >  ~  7  > 

/  V 

Xlcrdincbea  of  Strrtif. 
Internal  Pressure.  50  psi 

Average 

Jtter olnches  of-  Strain^, 
External  Pressure,  50  psi 

Average 

i  -t 

Gage 

Ha. 

Teat 
Id.  1 

Te*t  Test 
lo.  2  Bo.  .3 

Average 

per  . 
10  psi 

Test.  Test  lest 

No.  1  Ho.  2  No:  3  Average 

?e'r 

10  psi- 

< 

ii 

-C05 

+095  -095 

+092 

-013.4 

+310-  +315  +310  +312 

+06S.4 

*  :  ' 

12 

-068- 

-06O:  -066 

-063 

-012.6 

- 

- 

+  -  Or  0- 

13 

-400 

-430  -4.33 

-424 

■084.8 

+3185  +1167  +1150  +1167 

+233.4 

,  * 

l4 

-430 

-44o  -425 

-432 

-036.4. 

- 

- 

15 

-348 

-365  -368 

-3«0 

-072.0 

- 

- 

16 

-200 

-235-  -290 

-285 

-P57.0 

- 

- 

17 

-245 

-258  -263 

+255 

-051.0 

-  -  -  - 

- 

10 

+1(42 

+447  +445 

♦445 

+0S9.O 

- 

- 

5 

19 

+677 

+690  +687 

+685 

+137.0 

- 

T- 

Hus  values  indicate  measured  tensile  strain;  minus  values  indicate  measured  com¬ 
pressive  strain. 

> 

(a)  Tests  were  run  in  10-psi  increments  ascending  and. descending— values  shown  are 
difference s {between  readings  at  50  psi  (maximum  pressure),  and  average  readings 
for  zero  pressure  before  and  after  test. 

y 

TABLE  0-12. 

PRESSURE  STRAINS  F®'3-IN0H  TWO- FLY  FCBffiD  BELL0W3  CCMFRESSED, 

EXTENDED, 

AND  PRESSURIZED  INTERNALLY  AND  EOTiNALLY  T0'30 '  PSI 

ftlcroln. 

of -Strain.*^  for  Preeaure  Increments 

Deflection— 0.0  in.t®J 

Deflection- -0.030  in;lW 

Deflection— 0.060  in.  . 

Average 

Ooge 

0-10 

10-20 

20-30 

0-10 

10-20 

20-30 

0-10 

10-20 

20-30 

Change  per 

No. 

psi 

psi 

..-rsi 

ram 

-  psi 

pal  - 

psi 

psi 

P»i . 

10  psi 

11 

-023 

-025 

-035 

-023 

-023 

-028 

-020 

-025 

-025 

-02  6 

12 

-005 

-018 

-013 

-003 

-023 

-010 

+010 

-015 

-010 

-012 

d  9 

13 

-075 

-098 

-118 

-060 

-103 

+103 

-055 

HOO 

-115 

-092 

8  3 

14 

-080 

-133 

-078 

-080 

-103 

-073 

-075 

-095 

-065 

-087 

15 

-070 

-118 

-075 

+068 

-100 

-060 

-060 

-085 

-O65 

-078 

§ 

16 

-035 

-053 

-065 

-030 

-058 

-058 

-030 

-055 

-060 

-049 

33 

17 

-C30 

-095 

-045 

-038 

Ei 

-043 

-050 

-070 

-035 

-053 

a; 

18 

+085 

+113 

+085 

+075 

+098 

+080 

+070 

+095 

+075 

+085 

1 

19 

+088 

+155 

+140 

+07S 

+155 

+135 

+080 

+150 

+135 

+124 

O 

Is 

1+  W 

11 

+043 

+080 

+063 

+035 

+073 

+055 

+035 

+080 

+055 

+057 

12 

13 

+115 

+260 

+205 

+220 

+240 

+270 

+U5 

+245 

+280 

+214 

11 

-0  i 

-023 

-030 

-023 

-028 

-030 

-025 

-C25 

-035 

-027 

t 

12 

-0  , 

-020 

-015 

-003 

-025 

-008 

-005 

-025 

-005 

-012 

d  P 

13 

-0  ; 

-105 

-118 

-07? 

-098 

-123 

-075 

-105 

-125 

-099 

14 

-CJ5 

-118 

-068 

+083 

-125 

-078 

-080 

-140 

-095 

-m 

15 

-073 

-305 

-073 

-070 

-123 

-073 

-065 

-140 

-075 

-089 

II 

16 

-C35 

-053 

-065 

-023 

-063 

-068 

-020 

-070 

-070 

-052 

8 

17 

-030 

-090 

-033 

-043 

-080 

-040 

-030 

-095 

-035 

-053 

■H 

n 

18 

+080 

+103 

+080 

+085 

+103 

+078 

+090 

+120 

+075 

+090 

C 

V 

19 

+085 

+148 

+138 

+100 

+143 

+138 

+100 

+165 

+130 

+127 

& 

11 

♦035 

+078 

+060 

•1033 

+083 

+060 

+035 

+080 

+065 

+059 

22 

13 

+113 

+260 

CO 

5\j 

■f 

+103 

+268 

+280 

+105 

+270 

+290 

+219 

(“ 

Plus  values  Indicate  tensile  strains 

nir.us  values 

indicate  c oppressive  strains. 

(b 

Average  of  two  readings. 

- 

G- 

11 

TAM  O-IJ.  PRESSURE  STRAUS  F®  J.-UCH  TWO-PLY  Fd*®1 

bmps  arcssnsma  tkbbuuz  aid  gnnuBUjf— 

ho  nensonc* 


Hierolnches  of  Strain^,  Wcrolhefces  of  8train^*V 

^Internal'  Pressure.  50  psi  Average  External  Presture.  SO  pal  -  Average 


Gage 

No. 

lest 
So.  1 

Test- 
No.  2 

•Test 
No.  3 

Average 

per 

10  psi 

»«t  Tett  iest*' 
Be.  1  3fc>»  2  *a.  3 

Average 

per 

10  psi 

11 

t150 

t14o 

-145 

-145 

-029.0 

+257  +257  +250 

+255 

+051.0 

12 

-170 

-160 

-160 

-162 

-032.4 

-  -1 

r 

+ 

13 

-455 

-415 

-475 

-448 

.089.6 

+450  +452  +435 

+452 

+090.4 

14 

-453 

-466 

-478 

-477 

-095.4 

- 

- 

- 

15 

-4  6j 

-475 

-470 

-470 

-094.0 

- 

- 

- 

16 

-508* 

-508 

-518 

-511 

-102.2 

+  -  r 

- 

- 

17 

-500 

-500 

-500 

-500 

-100.0 

- 

r 

- 

18 

•*55 

+455 

4460 

+457 

+091.4 

-  -  - 

- 

- 

1 9 

+670 

+660 

+682 

+671 

+i34.2 

4 

- 

- 

(a)  Plus  values  indicate  measured  tensile  strain;  ainus  values  indicate  measured 
c ocpressive  strain. 


Tests  were  run  in  10-psi  increments  ascending  and  descending— values  shown  are 
differences  between  readings  at  JO  psi  (maximum  pressure)  and  average, readings 
*or 'zero;pressure'before  andrafter  test'; 


TABLE  0-14.  PRESSURE  STRAINS  FWl-INCH  TVCrPLY  KEtNED  BELLPE  COMPRESSED  AND 
EXTENIED,  "AND  ,  PRESSURIZE)  INTERNALLY  AND  EXTERNALLY  TO  50  PSI 


Mleroinches  of 

Strain (*)  .for 

10-ppi 

Fressura  Increments .  - 

First  Test  - 

?  ^ 

■"  '  Sr.  . 

Second  -Test 

'  ” 

Gage 

0-10 

10-20 

20-30 

30-40 

40-50 

0-16 

10-20 

20-3030.40 

40-50 

Cceibined 

Ho. 

psi 

psi 

psi 

.  psi  - 

<P8i  - 

Average 

pci,. 

psi.. 

psi  - 

P8i 

psi  Average 

Average 

V 

b 

11 

-035 

-O’O 

-035 

-036 

-045 

-025 

-030 

+030 

-050 

-020 

-o4o 

-034 

-035 

CJ 

« 

12 

-010 

-050 

+025 

-040 

-015 

-028 

-ci5 

-045 

-025 

-045 

-015 

+029' 

-029 

5 

13 

-085 

-120 

-115 

-085 

+110 

-103 

+100 

-090 

-125 

-100 

-110 

-105 

-104 

9 

« 

14 

-045 

-110 

-100 

-105 

••O65 

-0S5, 

-055 

-U5 

-IOO 

-095 

-070 

-087 

-086 

0 

15 

-060 

-105 

-105 

-105 

-no 

-097 

+055 

-105 

-105 

-105 

-105 

-095 

-096 

6 

p 

16 

-065 

+120 

-115 

-120 

-115 

-107 

-065 

-115 

-125 

-U5 

-115 

-107 

-107 

1 

17 

-050 

-110 

-125 

-115 

-105 

+101 

-04? 

-120- 

+100 

-130 

-095 

-098 

-100 

§ 

S 

13 

4055 

+090 

+080 

4105 

4100 

+086 

+055 

4095 

+105 

+095 

4090 

+008 

4087 

19 

+085 

+150 

+150 

4160 

+145 

.  +138 

*010. 

4150 

-4155 

4150- 

4145 

+134 

4136  . 

il 

u 

I 

HO 

1| 

11 

+02C 

4065 

+050 

4060 

+0^5 

+C43 

(040 

4055 

+050 

+060 

+055 

4052 

♦050 

0 

V  w 
4>  4) 

13 

♦090 

+090 

+090 

4090 

+120 

+098 

4055 

4100 

+o;o 

4120 

41C0 

+039 

4094 

5 

11 

-030 

-025 

-056 

-015 

+005 

-029 

-030 

-f.25 

-045 

-020 

-045 

-033 

-031 

w 

12 

-010 

-040 

-025 

-035 

-OJO 

-028 

-0C5 

-040 

-025 

-040 

-030 

-028 

-028 

JS 

P 

-100 

-080 

-1C3 

-100 

-125 

-106 

+085 

-095 

-155 

-065 

-115 

-103 

-104 

c 

<2 

14 

-045 

-110 

-100 

-DC 

-075 

-038 

-645 

-120 

-095 

-110 

-085 

-091 

-090 

d 

15 

-060 

-100 

-105 

•125 

-090 

-098 

-055 

-105 

+105 

-100 

+100 

-093 

-095 

<*•) 

s 

16 

-060 

-115 

-115 

-120 

+115 

-105 

-055 

-115 

-113 

-no 

-120 

-103 

-104 

53 

17 

-045 

-110 

-110 

-0 95 

-120 

-098 

*055 

-095 

-100 

-120 

-.125 

-099 

-098 

1 

£ 

18 

+060 

+  105 

+095 

4105 

+075 

+088 

4055 

4105 

+095 

4095 

4095 

4089 

4089 

C 

19 

+080 

+135 

+145 

4165 

+135 

-  +132 

+08q 

4155 

+140 

+140 

4145 

4132 

4132 

*rl 

W 

c 

IS 

la  CO 

,U 

+055 

4060 

4050 

4055 

+060 

+056 

+040 

4050 

+055 

4055 

4050 

4049 

•K>53 

i! 

H 

13 

+060 

+085 

4085 

4090 

+135 

+091 

4050 

+100 

+070 

4110 

4100 

4086 

4089 

(a)  Plus  values  Indicate  tensile  strains;  ainu3  values  indicate  compressive  strains— compression  and  extension 
<or.t3  were  alternated. 


G-  12 


xuu  0-15.  nssstMt  sblub'*)  ioi  orwisnui  «c.  3  or  3-mci  a*- 
»r  Aknusr.ma.  kw  jh69  matting;  m*Mxr 


— 

»  - 

— ,r.T- 

Mlcrdtrtthez  of  Strata  for  10-ni  toercaeot* 

Oag? 

10-20' 

20-30 

30-40 

•  ao-50 

-  - 

No. 

pit 

Pal 

2*i  - 

p*i 

Teat 

13 

-265 

-310 

-290 

-290 

15 

.250 

-250 

-260 

-190 

-240 

17 

-290 

-2*> 

-260 

-235 

•260 

Teat 

13 

-250 

-2S0 

-255 

-290 

-S*5 

ii 

15 

-2*5 

-230 

-235 

-215 

-235 

17 

-270 

-220 

-265 : 

•220, 

-270 

h 

ii 

-255 

-205 

-2lo 

-2?0 

-250 

15 

-250 

-2  JO 

-240 

-210 

-230 

17 

:2"0 

-215 

-25°: 

-220 

—260 

Average 

•26k  " 

-250  "  ‘ 

-255 

•2V>  ' 

-Kk 

Teat 

u 

-LC 

-60 

-*5 

-55 

-60 

T~ 

#>.  1 

12' 

-60 

-30 

-5o 

-30 

-55 

*>  • 

I] 

Teat 

U 

-55 

•50- 

-50 

-50 

-50 

if 

mp2 

12 

-50 

-35 

r50 

-35 

.50 

ji 

T«»t 

11 

-L5 

-50 

-4o 

-60 

-50 

No.  3 

12 

-50' 

-3° 

-50 

-30 

-55 

Average 

-50 

-42 

'  -13 

’  -53 

Teat 

No.  1 

is 

♦375 

.360 

♦405 

♦355 

*W5 

ft 

Teat 

No.  2 

10 

♦310 

•*316 

♦265 

♦375 

♦365 

r  $ 

Teat 

*o..3 

18 

♦355 

♦350 

♦355 

♦370 

♦370 

■'Average 

♦357 

*35?' 

♦375; 

♦367 

♦380 

(t)  Plue  ,ral«e8:.ladle»te  teR»ile:*tr*liifc;-alou*!Tilut*:ln4lc*t«-co«pr**ilv* 
strain*.  The  strain*  for  50-pai  internal  *M  external  prceaure  for  all 
gage*  and  with  averaged  zero  preaaur*  readings  ere  given  in  Table  2-7. 


TAMJ  0.16.  -PRIS3UH  S7*AI1C8<«>  MR  CONVOLUTION  NO.  5  0r.3-lNCK  TVO- 
FLY  STAINLESS.  STEEL  SOX  CVS  JITS  TOSSWCED'XlflHUfALLY 


- — 

— 

Mlcroinche*  of  Strain  for  10-pai 

Increment a  • 

Gage 

6-15 

20-30 

30-40 

.  w-56 

... 

No. 

pal 

.pa2 

-  -pal  : 

-  5*1 

P«I_ 

Teat 

13 

-60 

-125 

•So 

-50 

-70 

15 

-60 

-100 

?70 

-50 

-55 

17 

-55 

-30 

-60 

•25 

-65 

Teat 

No.  2 

13 

-70 

-105 

-105 

-90 

-70 

!I 

15 

17 

-85 

-60 

•90 

•50 

-85 

-60 

•55 

•30 

•50 

-65 

ii 

Teat' 

No.  3 

13 

-65 

-U5 

-100 

•90 

•65 

15 

-95 

.105 

-75 

-50 

•55 

17 

•50 

•55 

.  .’50. 

-W 

f60 

Average 

-65 

•86 

•74 

-53 

-62 

Teat 

11 

•5 

-35 

-15 

-20 

-5 

*3 

No,  1 

12 

-25 

-10 

•15 

•5 

-20 

tl 

Teat 

No.  2 

11 

12 

-10 

-20 

-30 

0 

•25 

-20 

-20 

-10 

-10 

-10 

=  6 

Teat 

n 

-15 

•30 

•20 

•25 

•5 

O 

No.  3 

12 

-20 

-5 

-15 

-10 

-10 

Average 

-16 

-18 

•18 

-15 

-10 

feat 

No.  1 

18 

♦so 

♦110 

♦» 

♦85 

♦80 

It 

Teat 

No.  2 

18 

♦65 

♦no 

♦100 

♦85 

♦80 

11 

Teat 

No.  3 

x8 

♦90 

♦no 

•» 

♦85 

♦So 

Average 

♦85 

♦110 

♦97 

♦85 

♦80 

<a)  Plut  raluea  indicate  Until*  atraini;  aims  values  indicate  ecapreasive 
(trains.  The  atraina  for  50«pai  Internal  and  external  preaaure  for  all 
gage*  and  wit))  averaged  zero  prextur*  readings  are  given  In  Table  0-11. 
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TttLS  c-17.  mssros  sauiss  f®  aaetoumm  bo. -Vcr  i-dcs  cbs-piy 

STAIXSSS  STSEL  J3XCWS  JEC3  WIS3UR 1223)  DIIStfALLY 


“ — — — 

- - 

Mieroinehea  of 

Strain  for  1 0-pal  XoeraMot 

Cage 

0-10 

'15120 

20-30 

30-16  ' 

16-50 

Bo. 

'  P«* 

-•>P*i 

__psl-  - 

P«l  . 

-  P»1 

Teat  Ye. 

15 

-150 

-190 

-120 

-210 

-155 

1 

15 

-220 

-205 

-as 

-200 

-215 

17 

-175 

-115 

-215 

2130 

-100 

IS 

Test  So. 

13 

-H5 

.-110 

-135 

-205 

-150 

si 

2 

15 

-250 

-190 

-180 

-220 

-215 

SS 

17 

-240 

-100 

-195 

-135 

-175 

it 

Test  Bo. 

13 

-120 

-190 

-120 

-190 

-119 

3 

15 

*220 

-215 

-ISC 

-215 

?215 

17 

-205 

-130 

-205 

113? 

-200 

Average 

-164 

-175 

-102 

“  >179. 

3* 

Test  Bo; 

11 

-50 

-70 

-60 

-80 

-60 

1. 

12 

-4o 

-6o 

-30 

•65 

-15 

|1 

'  .Test  Ho. 

11 

-65 

•65 

-55 

-70 

-6o 

It 

2 

12 

-55 

-65 

-20 

-70 

-2ft 

S* 

c  Test  Bo. 

U 

-55 

-65 

-60 

t70 

-a 

3 

12 

-15 

.  -65,  A 

-30 

-65 

-25, 

Average 

-51 

•65 

-“•3 

-70 

-40 

11 

— 

Test  Bo. 
1 

18 

♦235 

.165 

♦190 

♦200 

♦200 

Test  Bo. 
2 

18 

♦215 

♦175 

♦190 

.195 

♦200 

-*« 

Test  Bo. 
3 

18 

♦205 

.♦205 

♦210 

♦205. 

♦200 

Average 

♦21y 

♦108  1 

.196 

♦200 

♦200 

■  ’  • 

-  •«  <-  . 

- 

- 

.  —  -  " 

(a)  Plus  values  indicate  tensile  strains;  sinus  values  Indicate  c oppressive 
strains.  The  strains  for  50-p*i  Internal  and  external  pressure  for. all 
gages  and  vith  averaged  zero  pressure  reading#  are  given  in .Tati*  T-7. 


TAIU  O-ie.  PRESSURE.. STRAINS  TOR  CCnYCtWlC*  VO.  6  OT  1  -WOT  WO-BY 
SIAIHLESS  S.TZL  KUANS  JD17  PRESSURIZED  WTHUIALtY 


Microinches'of  Strain  (*) 

for  10-pal  lncraawnts 

Cage 

O-10 

10-20 

30-40 

•  40-50 

- 

Ho. 

P*l 

pa* 

psi--  - 

psi 

-  —  -  psi 

Test 

13 

-25 

-130 

-100 

-155 

-45 

BO.  1 

15 

-65 

-90 

-115 

-105 

-105 

17 

-70 

-85 

•135 

.  -100 

-ISO 

ll 

Ten 

13 

-4o 

-170 

-170 

.138 

•8o 

Ho.  2 

15 

-20 

•6o 

-95 

-105 

-95 

S  5 

17 

•45 

-55 

-155 

-115 

-90 

II 

Test 

13 

•50 

-125 

-120 

-105 

-105 

Bo.  3 

15 

-55 

-100 

-105 

-105 

-105 

17 

•65 

-93 

-no 

-130 

Average 

-W 

-107 

-121 

•115 

-97 

Test 

11 

0 

-55 

•35 

-15 

•25 

•a 

He.  1 

12 

•50 

-35 

•50 

-20 

-35 

If 

lest 

11 

-15 

•53 

-25 

-50 

-25 

if 

So.  2 

12 

-20 

•25 

-55 

-20 

-40 

1! 

o 

Test 

11 

-10 

•50 

-25 

.40 

-25 

Ho.  3 

12 

-20 

•30 

-15 

-30 

-35 

Average 

-21 

-42 

-38 

-31 

•31 

Teat 

No.  1 

18 

♦50 

♦80 

♦110 

‘35 

♦105 

ll 

X) 

Test 

Ho.  2 

18 

♦105 

♦60 

♦105 

♦90 

‘95 

1 1 

Test 

Ho.  3 

18 

.60 

♦100 

♦95 

♦ICO 

♦100 

Average 

♦72 

♦80 

♦103 

‘95 

♦100 

<*)  Pluo  values  Indicate  tensile  strains;  sinus  values  Indicate  v espr- salve 
strains.  The  strains  for  50-psi  internal  and  external  prescure  tor  all 
gaiws  and  vlth  averaged  zero  pressure  readings  ^  gtven  xu  Ta'ole  0-1 3 . 


G-  14 


IX  As  Polished  4A541 


FIGURE  G-l.  CROSS  SECTION  OF  3-INCH,  2-PLY  FORMED  BELLOWS 
JD77  -  TYPE  321  STAINLESS  STEEL 


FIGURE  G- 2.  ENLARGED  VIEW  OF 
CONVOLUTIONS  OF  CROSS- 
SECTIONED  3-INCH,  2-PLY  FORMED 
BELLOWS  JD77  -  TYPE  321 
STAINLESS  STEEL 


10X  As  Polished  4A542 
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f\1 

e/  • 


IX  As  Polished;  ’  '  '  4A83'6 

FIGURE  G-3.  CROSS  SECTION  OF  1-INCH,  2-PLY  FORMED 
BELLOWS  JDl8  -  TYPE  321  STAINLESS 
STEEL 


10X  As  Polished  4A840 


FIGURE  G-4.  ENLARGED  VIEW  OF  CONVOLUTIONS  OF  CROSS- SECTIONED 
1-INCH,  2-PLY  FORMED  BELLOWS  JD18  -  TYPE  321 
STAINLESS  STEEL 
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APPENDIX  H 

STRESS  ANALYSIS  OF  A  3-1/2-INCH  WELDED  BELLOWS  - 
TYPE  347  STAINLESS  STEEL 


APPENDIX  H 


STRESS  ANALYSIS  OF  A  3-1 /2-INCH  WELDED  BELLOWS  - 
TYPE  347  STAINLESS  STEEL 

Theoretical  Stress.  Analysis 

^Mathematical  Model 

Since  the  analysis  of  the  3-inch  formed  bellpws-(see  Appendix  E)  showed  that  the 
wall  thickness  variation  is  ah  important  factor -in  obtaining  an  accurate  description  of 
stress  distribution,  detailed  thickness  measurements  were  made  on  the  encapsulated  and 
cross- sectionedbelldws  shown  in  Figure  H-l.  Measurements,  which  accurately  deter¬ 
mined  the  diaphragm  centerline  and  thickness,  were  made  oh  six  diaphragms,  three 
upper  and  three  lower.  The  points  at  which-the  measurements  were  taken  are  shown  in; 
Figure  H-2.  The  welds  oh  the  right-hand  side  of  Figure  Hr 2  aj.e  those  on  the  outside 
diameter  (crown),  while  the  welds  oh  the  left-hand  side  are  these  on  the  inside  diameter 
(foot).  Reading  1  corresponds  to  the  first  indentation  on  the  inside  diameter  of  the  up¬ 
permost  diaphragm.  The  measurements  are  shown  in  Table  H-l,.  In  order  to  simplify 
the  analysis,  the  results  for  the  three  upper  diaphragms  were  averaged  as  were  the  re¬ 
sults  for  the  three  lower  diaphragms. 

The  mathematical  models  of  the  upper  and  lower  diaphragms  which  were  obtained 
from  this  averaging  process  are  shown  in  Figures  H-3  and  H-4.  The  values  of  the  vari¬ 
ous  parameters  are  listed  in  Table  H-2.  The  mathematical  model  used  in  the  computer 
computations  consisted  of  two  convolutions,  i.e. ,  it  contained  two  upper  and  two  lower 
diaphragms.  This  was  done  so  that  the  influence  of  the  boundary  conditions  on  the  stress 
state  would  be  minimized  in  most  parts  of  the  bellows.  The  thicknesses  measured  at  the 
various  points  on  the  bellows  are  also  tabulated  in  Table  H-l.  The  values  for  the  upper 
and  lower  diaphragms  were  averaged.  Plots  of  the  thickness  variations  are  given  in  Fig¬ 
ures  H-5  and  H-6,  The  circled  points  indicate  the  value  from  the  average  of  three  read¬ 
ings,  while  the  solid  line  indicates  the  variation  used  in  the  actual  computations. 


Theoretical  Stresses 

The  meridional  surface  stresses  for  the  upper  and  lower  diaphragms  are  shown  in 
Figures  H-7  through  H-10,  for  an  axial  compression  of  5/L  a  0,3  and  an  internal  pres¬ 
sure  of  10  psi.  The  length  of  the  mathematical  model  was  0.  1062  inch.  Figures  H-ll 
through  H-14  give  the  circumferential  outer  surface  stresses  for  the  upper  and  lower 
diaphragms  for  the  same  loading  conditions.  In  these  figures,  the  stresses  are  super¬ 
imposed  on  the  shape  of  the  diaphragm  so  that  the  diaphragm  cross  section  corresponds 
to  a  zero  stress  level,  The  dotted  line  gives  the  results  for  the  linear  calculations  while 
the  solid  line  indicates  the  results  from  the  nonlinear  bending  theory. 


Modified  Theoretical  Stresses 

Table  H-3  shows  typical  theoretical  stresses  for  the  3-1/2-inch  Type  347  welded 
bellows  modified  to  reflect  the  thickness  of  the  strain  gages  (as  described  in  Appendix  Q). 
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in  accordance  with  the  location  of  the  gages,,  as  described  in  the  next, section,  the  theo¬ 
retical  stresses  selected  for  modification  were  those  calculated  for  a  location  on  the. 
outer  surface  of  the  lower  diaphragm,  0.  0455  inch  from  the  edge  of  the  weld  bead.  From 
Figure  Ht5,  a  thickness  of  0.  0052  inch  was  selected  for  that  location. 


Experimental  Stress  Analysis 


Strain-Gage  Locations 

Appendix  Q  gives  a  description  of  the  type  of  strain  gages  used,  the  techniques  for 
instrumentation,  and  the  philosophy  underlying  the  location  of  the  gages  on  the  welded 
bellows.  As  shown  in  Figure  H-15,  two  pairs  of  gages  were  placed  on  the-underside  of 
the  "middle"  or  fourth  convolution  from  the  flanged  end.  Because  the  strain  increased 
to  a  maximum  at  the  weld  bead,  it  was  necessary  to  measure  the  distance  from  the  cen¬ 
ter  of  the  gages  to  the  edge  of  the  weld  bead.  This  was  done  with, a  calibrated  micro¬ 
scope  with  calculations  to  allow  for  the  angle  of  observation.,  A  third  pair  of  gages  was 
placed  on  the  underside  of  the  7th  convolution.  As  shown  in  Figure  H-15,  these  gages 
were  placed  90°  from  the  primary  pairs  of  gages. 


Strains.  Due  to  Axial  Deflection 

Two  types  of  tests  were  conducted  with  the  3- 1/2-inch  welded  bellows  in  which  the 
strains  due  to  axial  deflection  could  be  determined.  In  the  first  type  of  test,  the  bellows 
was  deflected  alternately  in  increments  of  compression  (0.  060  inch  and  0.  120  inch)  and 
extension  (0.  060  inch  and  0.  120  inch),  and  strain-gage  readings  were  taken  at  each  de¬ 
flection  increment  and  at  the  intermediate  zero  deflection.  In  the  second  type  of  test,  in 
which  pressure  was  combined  with  deflection,  the  bellows  was  deflected  alternately  in 
increments  of  compression  (0.  060  inch  and  6.  120  inch)  and  extension  (0.  060  inch  and 
0.  120  inch)  and,  at  each  deflection  increment,  the  internal  (and  subsequently  the  ex¬ 
ternal)  pressure  of  the  bellows  was  increased  in  10-psi  increments  to  20  psi.  By  sub¬ 
tracting  the  readings  obtained  at  each  pressure  level  in  the  latter  type  of  test,  the  strains, 
due  to  deflection  could  be  determined. 

Table  H-4  shows  the  results  of  the  deflection  tests  with  no  pressure.  (None  of  the 
tabulated  values  are  corrected  for  gage  thickness.)  Table  H-5  shows  the  strains  due  to 
deflection  when  the  bellows  was  pressurized.  An  examination  of  the  data  led  to  the  fol¬ 
lowing  observations:  (1)  the  deflection  strains  were  essentially  the  same  with  and  without 
pressure,  (2)  the  strains  were  quite  uniform  despite  the  flexibility  of  the  bellows,  (3)  the 
magnitude  of  the  meridional  strains  was  related  to  the  distance  of  the  gages  from  the 
edge  of  the  weld  bead,  and  (4)  extension  of  the  bellows  caused  a  slight  increase  in  the 
circumferential  strains. 


Strains  Due  to  Pressure 


Two  types  of  tests  were  conducted  in  which  the  strains  due  to  pressure  could  be 
determined.  In  the  first  type  of  tests,  the  bellows  was  pressurized  at  zero  deflection: 

(1)  in  10-psi  increments  of  internal  pressure  to  20  psi,  and  (2)  in  10-psi  increments  of 
external  pressure  to  20  psi.  The  second  type  of  test,  combining  deflection  and  pressure, 
was  described  above. 
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Table  H-6  shows  the  strains  due  to  20- psi  pressure  at  zero  deflection;  Table  H-7 
shows  the  strains  due  to  increments  of  10  psi  at  different  deflection  increments.  These 
data  showed  that  (1)  the  strains  due  to  external  pressure  were  generally  higher  than  the 
strains  due  to  internal  pressure,  (2)  the  average  strains  per  10  psi  were  similar  for 
similarly  mounted  gages  in  both  tables. 

Experimentally  Determined  Stresses  and  Strains 

The  method  of  calculating  stresses  from  experimentally  determined  strains  is  ex¬ 
plained  in  Appendix  Q.  The  strains  as  given  by  the  gages  on  the  "middle'*  convolution 
were  used  as  representative  strains  in  the  bellows,  and  the  values  were  selected  from 
tests  which  did  not  combine  deflection  and  pressure.  Because  the  theory  for  the  formed 
bellows. did  not  predict  a  difference  in  strain  magnitude  for  compression  and  tension, 
the  experimental  values  for  each  were  averaged  for  all  formed- bellows  calculations. 
Since  the  theory  did  predict  a  difference  for  the  welded  bellows,  only  the  compression 
averages  were  used  from  Table  H-4  to  calculate  representative  stresses  for  the  3-1/2- 
inch  stainless  steel  welded  bellows. 

Table  H-8  shows  the  representative  deflection  strains  and  the  representative  pres¬ 
sure  strains  for  the  primary  gages  as  given  in  Tables  H-4  and  H-6.  Also  shown  are  the 
stresses  calculated  using  these  strains.  Because  the  strains  were  averaged,  the  dis¬ 
tances  from  the  strain  gages  to  the  edge  of  the  weld  bead  also  were  averaged.  Thus,  the 
average  distance  of  the  meridional  strain  gage  was  calculated  to  be  0.  0455  inch  from  the 
edge  of  the  weld  bead,  and  the  average  distance  of  the  circumferential  strain  gage  was 
calculated  to  be  0.  445  inch  from  the  edge  of  the  weld  bead.  Because  the  meridional 
strain  showed  a  much  greater  change  in  relation  to  location,  0.  0455  inch  was  selected 
as  the  average  distance  for  all  gages  from  the  edge  of  the  weld  bead. 


Comparison  of  Theoretically  and  Experimentally  Determined 
Stresses  and  Strains  for  3-1/2-Inch  Type  347  Welded  Bellows 


As  shown  in  Table  H-9,  the  experimentally  determined  deflection  stresses  and 
strains  showed  excellent  agreement  with  the  deflection  stresses  and  strains  which  were 
calculated  using  the  mathematical  model.  The  experimentally  determined  pressure 
stresses  and  strains  showed  good  agreement  wiht  the  theoretically  determined  pressure 
stresses  and  strains. 
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TABLE  H-2.  DIMENSIONS  OF  MATHEMATICAL  MODEL  OF  3-1/2-INCH 
SINGLE-FLY  STAINLESS  STEEL  WELDED  BELLOWS  JDI56 


Part 

Shell  Type  . 

a, 

in* 

b, 

in. 

Coordinates, 

Initial 

Degree 

Final 

1 

Conical^ 

1.7973 

0.0609 

iSo.o 

2 

Toroidal 

1.7364 

0.0458 

180.0 

199.75 

3 

Toroidal 

1.7004 

-0.0620(b) 

199.75 

148.5 

4 

Toroidal 

1.6339 

0.0653 

148.5 

204.5 

5 

Toroidal 

1.5814 

-0.0610 

204.5 

147.5 

6 

Toroidal 

I.5159 

0.0610 

147-5 

197.25 

7 

Toroidal 

1.4849 

-0.0435 

197.25 

181.75 

8 

Conical 

1.4864 

0.02 

181,75 

- 

9 

Conical 

1.4664 

0.02 

180.0 

- 

10 

Conical 

i.4464 

0.0277 

177.75 

- 

11 

Conical 

1.4193 

0.0472 

4.0 

- 

12 

Conical 

1.4664 

0.02 

1.0 

- 

13 

Toroidal 

1.4861 

0.0243 

1.0 

27.0 

14 

Toroidal 

1.5254 

-0.0627 

27.0 

-25.0 

15 

Toroidal 

1.5774 

0.0605 

-25.0 

34.5 

16 

Toroidal 

1.6464 

-0.0605 

34.5 

-23.5 

17 

Toroidal 

1.6954 

0.0617 

-23-5 

25.0 

18 

Toroidal 

1.7474 

-O.0617 

25.O 

1.0 

-1-?  - 

Conical 

1.7464 

1.0 

-  ~ 

(a)  a  is  the  radial  distance  from  the  center  of  the  bellows  to  the  outer  edge 
for  Shells  1, 8,  9,  and  10,  and  to  the  inner  edge  for  Shells  11,  12,  and  19. 

b  is  the  slant  length  of  the  conical  shell.  The  initial  cordinate  is  the 
cone  angle. 

(b)  A  negative  radius  indicates  that  the  normal  to  the  shell  midsurface  is 
pointing  toward  the  center* of  curvature. 


TABLE  H-3.  MODIFIED  THEORETICAL  DEFLECTION  AND  FRESSURE  STRESSES  AND 
STRAINS  FOR  3-1/2-INCH  TYPE  347  STAINLESS  STEEL  WELDED 
BELLOWS  JDI36 


Membrane 

Stress 


Bending 

Stress, 

Outer 

Surface 


Modified 
Bending 
Stress,* 
Outer  Surface 


Strain,  pin/int 
Stress,  psi,  Cal-  Calculation  for 

eolation  for  0.120-  0.120-in.  com- 

in.  Compression,  pression  or  10- 

or  10-psi  psi  Internal 

Internal  Pres.  Pressure 


C  W 
0  O 
•ri  w 
■P  (0 

v  <y 

Meridional 

-66.2 

+18,503 

+28,107 

+28,040 

/*  ; 

+830 

(U  u 

a 

Circumferential 

+2987 

+4,881 

+7,415 

+10,402 

+167 

0  CO 

h  v 

co  ca 

Meridional 

-24.7 

-9,520 

-14,461 

-14,486 

-441 

m  o» 

££ 

lircumferentiol 

-496.6 

-2,4o4 

-3,652 

-4,149 

+007 

*  Bending  stresses  at  outer  surface  multiplied  by  1.519* 
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TABLE  H-6.  PRESSURE  3BUIN3  FOR  3-1/2-MCH  TYPE  3^T  STAINLESS  SIKH,  WELDED  BELLOWS 
PRESSURIZED  IHfSUMLLY  AND  EZTHUUUY— HO  IRFLBCTICH 


Microin.  of  Strain  Mieroin.  of  Strain-*^1, 

Internal  Pressure,  20  pel _ __  Average  External  Pressure.  20  pal  Average 


Cage 

No. 

Test 
-  No.  1 

Test 

No.  2 

Test 

No.  3 

8BBM 

per 

.  „  10.  PSd 

Test 

No.  1 

Test  ' 
No.  2 

Test 

Be.  3 

Average 

per 
.10  psi 

1 

-5 

-20 

-18 

-ik 

-7 

+4o 

+70. 

+35 

+48 

+24 

2 

-13 

-18 

-20 

-IT 

-8.5 

- 

- 

- 

- 

_  - 

3 

-33 

-25 

-25 

-28 

-14 

- 

- 

- 

- 

- 

4 

^875 

-855 

-870 

-876 

-433.5 

+1045 

+1082; 

+1067 

+1065 

+532.5 

5 

-585 

-580 

-595 

-587 

-293.5 

r 

-- 

- 

- 

- 

6 

-866 

-750 

-763 

-771 

-385.5 

- 

- 

- 

- 

- 

7 

-993 

-1013 

-1030 

-1012 

-506 

- 

- 

- 

- 

r 

Plus  values  Indicate  measured  tensile  strain;  minus  values  indicate  measured  compressive  strain. 

(a)  Tests  were  run  in  10-psi  increments  ascending  and  descending— values  shown  are  differences  between 
readings  at  20  psi  (maximum  pressure)  and. average  readings- for  zero  pressure  before  and  after  tests. 


TABLE  H-7.  PRESSURE  STRATUS  FCR  3-1/2-INCH  TYPE  347  STAINLESS  STEEL  WELDED 
BELLOWS  CCKPRE3SED,  EXTENDED  AND  PRESSURIZED  INTERNALLY  AHD 
EXTERNALLY'  TO  20  PSI 


(a)  Plus  values  indicate  tensile  strains;  minus  values  indicate  compressive  strains. 

(b)  Average  of  two  readings. 
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TABLE  H-8.  EXPERIMENTALLY  DETERMINED  REPRESENTATIVE  STRAINS  AND  STRESSES 
IN  3-1/2-INCH  TYPE  347  STARLESS  STEEL  WELDED  BELLOWS 
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r  ’  *  "  *■  v  -5  ^  0- 
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Gage 

Gage 

Gage 

Representative 
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.  No.  4 

No. ;5 

..Strains,  uih/iri 

Stresses,  psi 
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TABLE  H-9.  COMPARISON  OP  THEORETICALLY  DETERMINED  AND  EXPERIMENTALLY 
DETERMINED  STRESSES  AND  STRAINS  FOR  3-1/2-INCH  TYPE  3^7 
STAINLESS  STEEL  WELDED  BELLOWS 


Comparison  of  Strains 
Experimental  Theoretical  Experimental 


Comparison  of  Stresses 
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FIGURE  H- 


l.  ENLARGED  VIEW  OF  CONVOLUTIONS  OF  CROSS-SECTIONED 
3-  1  /2  INCH  TYPE  347  STAINLESS  STEEL  WELDED- 
EELLOWS  JD136 


FIGURE  H-4,  MATHEMATICAL  MODEL  OF  LOWER  LEAF  OF  3- 1/2 -INCH 
SINGLE-PLY  STAINLESS  STEEL  WELDED  BELLOWS  JD136 
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5.  THICKNESS  VARIATION  FOR  PARTS  1-10  FOR  3- 1/2- INCH  SINGLE 
PLY  STAINIjESS  STEEL  WELDED  BELLOWS  JD136  (nominal 
thickness  =  0.  005  inch) 

Circled  points  indicate  average  of  three  measured  thicknesses 
and  solid  line  is  thickness  variation  used  for  parts  1-10  in 
mathematical  model  shown  in  Figure  H-3. 


.  THICKNESS  VARIATION  FOR  PARTS  11-19  FOR  3-1  /2-INCH  SINGLE- 
PLY  STAINLESS  STEEL  BELLOWS  JD136  (nominal  thickness  = 

0.  005  inch) 

Circled  points  indicate  average  of  three  measured  thicknesses  and 
solid  line  is  thickness  variation  used  for  parts  11-19  in  mathematical 
model  shown  in  Figure  H-4. 
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FIGURE  H-7.  MERIDIONAL  INNER  SURFACE  STRESS  FOR  UPPER  LEAF  OF  3-1/2-INCH  SINGLE-PLY  STAINLESS  STEEL 
WELDED  BELLOWS  JD136  DUE  TO  AN  AXIAL  DEFLECTION  OF  8/h-  0.3 
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FIGURE  H-8.  MERIDIONAL  INNER  SURFACE  STRESS  FOR  LOWER  LEAF  OF  3-1/2-INCH  SINGLE-PLY  STAINLESS  STEEL 
WELDED  BELLOWS  JD136  DUE  TO  AN  AXIAL  DEFLECTION  OF  8/1=  0.3 
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FIGURE  H-9.  MERIDIONAL  INNER  SURFACE  STRESS  FOR  UPPER  LEAF  OF  3-1/2-INCK  SINGLE-PLY  STAINLESS  STEEL 
WELDED  BELLOWS  JD136  DUE  TO  AN  INTERNAL  PRESSURE  OF  10  PSI 
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.  ICJHE  H  10.  MERIDIONAL  INNER  SURFACE  STRESS  FOR  LOWER  LEAF  OF  3-1/2-INCH  SINGLE-PLY  STAINLESS  STErL 
WELDED  BELLOWS  JD136  DUE  TO  AN  INTERNAL  PRESSURE  OF  10  PSI 
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FIGURE  H-ll.  CIRCUMFERENTIAL  OUTER  SURFACE  STRESS  FOR  LOWER  LEAF  OF  3-1/2-INCH  SINGLE-PLY  STAINLESS 
STEEL  WELDED  BELLOW  JD136  DUE  TO  AXIAL  DEFLECTION  OF  8/L*  0.3 
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FIGURE  H-12.  CIRCUMFERENTIAL  OUTER  SURFACE  STRESS  FOR  UPPER  LEAF  OF  3-1/2-INCH  SINGLE-PLY  STAINLESS 
STEEL  WELDED  BELLOWS  JD136  DUE  TO  AXIAL  DEFLECTION  OF  8/ L  =0.3 
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FIGURE  H-13.  CIRCUMFERENTIAL  OUTER  SURFACE  STRESS  FOR  LOWER  LEAF  OF  3-1/2-INCH  SINGLE-PLY  STAINLESS 
STEEL  WELDED  BELLOWS  JD136  DUE  TO  INTERNAL  PRESSURE  OF  10  PSI 

(Linear  and  nonlinear  remits  were  the  same  for  tills  loading.) 
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FIGURE  H-14.  C1PCUMFERENTIAL  OUTER  SURFACE  STRESS  FOR  UPPER  LEAF  OF  3-1/2-INCH  SINGLE-PLY  STAINLESS 
STEEL  WELD?'  LLOWS  JD136  DUE  TO  INTERNAL  PRESSURE  OF  10  PSI 

(Linear  and  nonlinear  results  are  identical  for  this  loading.) 
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Gage  No. 
Gage  No. 


Gage  No. 

Type 

_X _ 

1 

Circumferential 

o.o4o 

2 

Circumferential 

0.049 

3 

Circumferential 

0.045 

4 

Meridional 

0.042 

5 

Meridional 

0.049 

6 

Meridional 

0.046 

7 

Meridional 

0.031 

* 

X  “  Distance  from  the  edge  cf  the  weld  bead  to  the  center  of  the  gage,  in. 


FIGURE  H-15.  LOCATION  OF  STRAIN  GAGES  ON  3-1/2-INCH  1 YPE  347 
STAINLESS  STEEL  WELDED  BELLOWS 
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APPENDIX  I 


STRESS  ANALYSIS  OF  4 -INCH 
STAINLESS  STEEL  DIAPHRAGMS 


ABBREVIATIONS  AND  SYMBOLS 

d  Angle  measured  in  the  circumferential  direction,  deg 
6  Total  axial  deflection  of  the  diaphragm  hub,  in. 
k  Axial  spring  rate,  Ib/in. 

P‘  ,'Axial  force  imposed  on  the  diaphragm  hub,  lb 
Meridional  strain  at  gage  position,,  in./in. 

£q  Circumferential  strain  at  gage  position,  in.  /in. 
p  Internal  pressure,  psi 

My  Bending  moment  in  diaphragm  when  material  yields,  in-lb/in. 

Oy  Yield  stress  of  diaphragm  material,  psi 
h  Diaphragm  wall  thickness,  in. 

M<£  Bending  moment  resultant  in  meridional  direction,  in-lb/in. 

Fc  Critical  axial  force  causing  plastic  collapse  of  the  diaphragm,  lb 
pc  Critical  internal  pressure  causing  plastic  collapse  of  the  diaphragm,  psi 
b  Beam  width  (Figure  1-29),  in. 


APPENDIX  I 

STRESS  ANALYSIS  OF  4 -INCH  STAINLESS  STEEL  DIAPHRAGMS 


Theoretical  and  experimental  stress  analyses  of  4-inch  stainless -steel  convoluted 
diaphragms  were  conducted  for  the  following  loadings:  upward  deflection,  downward 
deflection,  and  upward  (internal)  pressure.  Li  this  Appendix,  these  elastic  analyses 
are  described,  and  the  theoretical  and  experimental  results  are  compared.  In  addition, 
overload-deflection  experiments,  overpressure  experiments  and  related  plastic -collapse 
analyses  are  described. 

Theoretical  Stress  Analysis 


Mathematical  Model 

To  obtain  an  accurate  mathematical  model  for  best  description  of  the  stress  dis- 
tribution,  detailed  dimensional  measurements  were  made  on  an  encapsulated  and  cross- 
sectioned  diaphragm,  shown  in  Figure  1-1.  Measurements  were  made  on  the  left-side 
cross  section  of  the  diaphragm  to  accurately  locate  the  diaphragm  centerline  as  well  as 
to  determine  its  thickness.  The  points  at  which  the  measurements  were  made  are 
shown  in  Figure  1-2.  The  values  of  the  measurements  are  shown  in  Table  1-1.  Read¬ 
ing  1  in  Table  1-1  corresponds  to  the  first  indentation  on  the  outside  diameter  of  the 
diaphragm.  In  order  to  simplify  the  analysis,  the  measured  x  coordinates  were  trans¬ 
lated  to  make  the  first  indentation  on  the  outside  diameter  the  origin  for  the  x 
coordinates. 

The  13 -part  mathematical  model  of  the  diaphragm  obtained  from  the  dimensional 
measurements  is  shown  in  Figure  1-3.  The  values  of  the  various  parameters  are  listed 
in  Table  1-2.  The  thicknesses  measured  at  the  various  points  on  the  diaphragm  are 
also  tabulated  in  Table  1-1,  Plots  of  the  thickness  variations  are  given  in  Figure  1-4, 
The  circled  points  indicate  the  actual  readings  while  the  solid  line  indicates  the  varia¬ 
tion  assumed  in  the  mathematical  model  used  in  the  actual  computations. 

The  13 -part  mathematical  model  described  above  extends  from  the  outside  weld 
to  the  insi -Ie  weld  shown  in  Figure  1-2.  Shell  Part  1  (of  Table  1-2  and  Figure  1-3)  ex¬ 
tends  over  the  rim  and  Shell  Parts  12  and  13  extend  under  the  hub.  For  upward  deflec¬ 
tion  loading,  the  diaphragm  will  move  away  from  the  rim  and  the  hub.  Therefore,  the 
13 -part  mathematical  model  was  used  for  this  loading.  However,  for  downward  deflec¬ 
tion  loading,  the  diaphragm  will  impinge  on  the  rim  as  well  as  on  the  hub  and  the  effec¬ 
tive  length  of  the  diaphragm  will  be  reduced.  Therefore,  for  downward  deflection 
loading,  a  10 -part  mathematical  model  was  used  which  was  assumed  to  be  clamped 
at  the  edges  of  the  hub  and  rim.  Dimensions  for  this  model  are  given  in  Table  1-3. 

This  10 -part  model  is  the  same  as  the  13 -part  model,  Table  1-2,  except  that  Shell 
Parts  1,  12  and  13  have  been  eliminated  and  Shell  Part  11,  Table  1-2,  has  been  reduced 
in  length  (i.e.,  $£  changed  from  178  to  194  degrees). 

For  upward  pressure  loading,  the  diaphragm  will  receive  support  at  the  hub,  but 
not  at  the  rim.  Therefore,  an  11 -part  mathematical  model  was  used  for  this  loading  - 
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it  was  the  same  as  the  10 -part  model  except  that  Part  1  of  the  13 -part  model,  Table  Ir-2, 
again  was  included,  in  order  that  the  outer  flat  portion  of  the  diaphragm  could  be 
allpv/ed  to  lift  off  the  rim.  Dimensions  of  the  11 -part  model  are  given  in  Table  1-4. 


Theoretical  Results 

The  computer  program  NON LIN  was  used  for  the  theoretical  calculations.  The 
meridional  upper-surface  stresses  predicted  by  both  the  linear  and  nonlinear  theory  for 
the  deflection  loadings  are  shown  in  Figures  1-5  and  1-6.  For  these  loadings,  the  dia.- 
phragm  was  assumed  clamped  (zero  slope  and  zero  horizontal  deflection)  at  the  hub  and 
rim,  and  the  hub  was  moved  upward  {0.0150  inch)  arid  downward  (6. 020  inch)  with 
respect  to  the  rim.  Appreciable  differences  between  the  linear  and  norilinear  theory 
were  found  even  at  fairly  small  deflections  corresponding  to  maximum  bending  stresses 
of  only  ±20,  000  psi  to  ±30,  000  psi  as  shown  in  Figures  1-5  and  1-6.  (On  these  figures, 
the  stresses  are  superimposed  on  the  shape  of  the  diaphragm  so  that  the  diaphragm 
cross  section  corresponds  to  a  zero  stress  level).  Although  the  stresses  are  small, 
the  hub  deflections  of  0.0150  inch  and  0.0200  inch  are  three  to  four  times  the  thickness, 
arid  this  ariiount  of  geometry  change  in  shell  theory  is  considered  a  geometrical  nori- 
liriearity.  A  0.  0200-inch  downward  deflection  gives  about  twice  the  magnitude  of  stress 
as  does  a  0. 0150-inch  upward  deflection  -29,  691  psi  and  +15,  750  psi,  respectively, 
near  the  inside  edge  as  shown  in  Figures  1-5  and  1-6. 

Figure  1-7  shows  the  upper-surface  meridional  stresses  due  to  an  upward  pres¬ 
sure  of  2.45  psi  (5  iriches  Hg).  (The  value  5  inches  of  Hg  was  used  in  order  to  later 
directly  compare  the  experimental  results.  )  The  plot  shown  in  Figure  1-7  represents 
the  stresses  from  both  the  linear  arid  nonlinear  theory  (i.  e. ,  there  was  little  difference 
in  results  at  this  pressure).  For  example,  the  stresses  at  the  inside  and  outside  edges 
were  -32,359  psi  and  -19,  915  psi,  respectively,  from  the  nonlinear  theory,  and 
-31,399  psi  and  -19,303  psi  for  the  linear  theory.  These  results  reflect  a  lack  of 
geometrical  nonlinearity  in  this  case.  The  diaphragm  was  clamped  at  both  the  inside 
and  outside  edges.  The  maximum  deflection  at  2.45  psi  was  only  0.  0049  inch  (in  Shell 
Part  6,  Table  1-4),  which  is  about  one -third  the  deflection  imposed  in  the  deflection 
experiments.  (Of  course,  geometrical  nonlinearity  would  be  expected  to  have  a  greater 
effect  at  higher  pressures. ) 


Experimental  Stress  Analysis 


Strain-Gage  Instrumentation  of  Diaphragm  JD190 

Linear  theoretical  calculations  on  Diaphragm  JD181  indicated  that  maximum 
surface  strains  occur  at  the  tops  and  bottoms  of  some  of  the  convolutions  and  also  on 
the  flat  near  the  rim.  Accordingly,  on  Diaphragm  JD190,  13  such  locations  on  3  radial 
lines  were  chosen  for  installation  of  a  total  of  22  strain  gages  as  shown  in  Figures  1-8 
and  1-9.  One  radial  line  (the  0  =  0°  meridion  in  Figure  1-8)  was  selected  for  installation 
of  9  pairs  of  radial  and  circumferential  gages  on  each  root  and  crown  of  the  convolu¬ 
tions,  as  shown  in  a  close-up  view'  in  Figure  1-10.  To  check  later  on  the  uniformity  of 
response  around  the  circumference,  two  radial  gages  were  installed  on  two  crowns  on 
two  other  radial  lines,  the  9  -  120-degree  and  9  =  240-degree  meridions  as  noted  in 
Figure  1-8. 
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The  strain  gages  selected  for  the  instrumentation  were  1/ 64 -inch- gage  -length 
gages,  Types  EA-09-015EH-120  and  EA-09-015I>j-120,  obtained  from  Micro- 
Measurements,  Inc.  The  EH-type  gages  were  used  to  measure  circumferential  strains 
arid  the  DJ  type  to  measure  radial  strains.  The  two  types  can  be  seen  in  Figure  1-10. 


-Deflection  Experiments 

Deflection  experiments  were  conducted  on  an  Instron  machine.  The  rim  of  the 
diaphragm  (Figure  1-8)  was  clamped  to- the  base  of  the  machine  and  the  hub  was  clamped 
to  the  movable  crosshead  of  the  machine.  It  was  observed  that  the  hub  of  Diaphragm 
JD190  was  initially  tilted  with  respect  to  the  rim  in  the  unclamped  position.  Clamping 
straightened  the  diaphragm  out  so  that  the  hub  was  parallel  to  the  rim,  but  this  produced 
some  initial  strains  which  varied  around  the  circumference  as  shown  in  Table  1-5.  The 
diaphragm  was  clamped  at  zero  net  upward  load.  In  all  the  further  experiments •,  the 
strain  gages  were  zeroed  at  the  clamped  position  under  zero  load  in  order  to  have 
Diaphragrii  JD190  correspond  as  closely  as  possible  to  a  perfect  unloaded  diaphragm  with 
an  initially  parallel  hub  arid  rim. 

Initial  experiments  were  run  to  maximum  measured  strains  of  800  juin.  ,/in.  in 
order  to  avoid  damaging  the  diaphragm  by  (unknown)  overstrain  at  the  more  critical 
weld  locations  where  no  strain  gages  could  be  applied.  For  upward  deflection  runs, 

800  pin.  /in.  maximum  corresponded  to  an  upward  deflection  6  =  0.020  in. ,  which  is 
nearly  4  times  the  diaphragm  thickness  and  is  considered  a  nonlinear  deformation. 
Although  the  deflection  was  relatively  large  compared  to  the  thickness,  the  strain- 
versus  -deflection  curves,  shown  in  Figure  1-11,  were  found  to  be  only  slightly  non¬ 
linear.  The  load-deflection  curve  in  Figure  1-12  was  found  to  be  approximately  linear 
up  to  6  =  0.  020  in. ,  and  corresponded  to  a  spring  constant  for  upward  deflection  of 

k  =j=  212  lb/in.  (1-1) 

Downward  deflection  experiments  were  also  conducted  to  a  deflection  of  -  6  =  0.020  in. 
maximum.  Measured  strains  are  shown  in  Figure  1-13,  The  diaphragm  has  a  different 
shape  when  observed  from  below  than  when  observed  from  the  top,  i.  e. ,  Location  9  in 
Figure  1-8  appears  convex  from  above,  but  concave  from  below.  Consequently,  non¬ 
linear  response  of  the  diaphragm  to  downward  deflections  can  be  expected  to  be  different 
from  its  response  to  upward  deflections.  Comparison  of  Figures  1-13  and  1-14  shows 
that  lower  magnitudes  of  maximum  strain  occurred  under  downward  deflection,  i.e, , 
at  Location  8,  =  820  pin. /in.  for  6  =  0,020  and  =  -650  pin.  /in.  for  6  =  -0,020. 

The  lower  strain  results  for  downward  deflection  are  believed  to  be  also  partially  due 
to  some  support  of  the  diaphragm  by  the  rim  and  hub  (Figure  1-8).  An  increased  stiff¬ 
ness  under  downward  deflection  is  also  noted  in  the  load-deflection  plot  in  Figure  1-14 
where  the  spring  constant  was  determined  to  be 

-P 

k  =  — r  =  234  lb/in.  for  downward  deflection.  (1-2) 

-o 
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Pressure  Experiments 

For  the  pressure  experiments,  the  diaphragm  was  initially  clamped  in  the  Instron 
machine  at  zero  net  upward  deflection  and  load.  Of  course,  the  load  changed  when 
pressure  was  applied,  but  the  hub  was  kept  fixed  with  respect  to  the  rim. 

Standard  pressure  gages  did  not  have  a  small  enough  scale  in  (psi)  for  the  very 
sensitive  diaphragm.  Therefore,  a  mercury  manometer  was  used  to  control  the  pres¬ 
sure  in  increments  of  inches  of  Hg  (mercury).  The  pressurizing  medium  was  helium. 

Figure  1-15  shows  the  strain  results  for  upward  pressures  up  to  5.0  inches  Hgi 
Whereas  maximum  strains  were  measured  at  Location  8  in  the  deflection  experiments, 
maximum  strains  were  measured  at  location  1  in  the  pressure  experiments.  The 
strain-versus  -pressure  curves  in  Figure  1-15  are  more  linear  than  are  the  strain - 
deflection  curves,  Figures  I- 1 1  and  1-13.  This  is  related  to  the  deflections  and  the 
corresponding  changes  in  geometry:  in  the  pressure  experiments,  the  hub  was  kept 
fixed  relative  to  the  rim,  but  in  the  deflection  experiments,  the  hub  was  moved  0.020 
in.  relative  to  the  rim.  In  the  pressure  experiments,  p  =  5.0  in.  Hg  resulted  only  in 
a  upward  deflection  of  about  0.007  in.  at  Location  5  (Figure  1-8)  midway  between  the 
rim  and  the  hub.  Consequently,  there  was  less  geometry  change  and  less  nonlinearity 
in  the  response  observed  in  the  pressure  experiments  than  in  the  deflection  experi¬ 
ments.  (This  result  agrees  with  the  results  of  the  theoretical  analysis). 

Circumferential  Variation  of  Strains 

It  was  noted  earlier  that  strain  gages  at  Locations  10  through  13,  Figure  1-8, 
were  installed  to  check  the  symmetry  response  of  the  diaphragm.  Results  for  these 
locations  and  Locations  3  and  7  are  shown  in  Table  1-6.  It  was  found  that  the  circum¬ 
ferential  variation  of  response  was  small.  The  largest  variation  was  measured  for 
the  downward  deflection  response,  but  in  this  case  the  magnitudes  of  measured  strains 
were  small.  Thus,  a  fairly  uniform  response  was  achieved  as  desired. 


Combined  Pressure  and  Deflection  Loadings 

Since  some  geometrical  nonlinearity  W’as  evidenced  in  the  deflection  experiments, 
it  was  questionable  whether  or  not  individual  deflection  results  and  pressure  results 
could  be  superimposed  to  give  the  correct  result  for  combined  pressure  and  deflection 
loadings.  Therefore,  combined  loading  experiments  were  run.  Figure  1-16  shows  the 
measured  strain  at  Location  8  for  tv/o  experiments:  one  with  upward  deflection  first 
followed  by  upward  pressure,  and  the  other  with  upward  pressure  first  followed  by 
upward  deflection.  The  same  final  strain  value  was  reached  for  each  loading  path,  in 
this  case,  e.  =  380  /iin,  /in.  Also,  the  results  for  the  individual  loadings  can  be  super¬ 
imposed  in  this  case  to  give  approximately  the  same  net  result:  from  Figure  1-16, 

=  820-410  -  410  /iin.  /in.  The  difference  410-380  =  30  /iin,  /in.  is  small  compared 
with  the  accuracy  of  reading  of  the  gages  -  about  ±20  /uin.  /in. 

(The  experimental  data  in  Figures  1-16  and  1-17  are  the  average  data  for  three 
runs . ) 


Figure  1-17  shows  another  combined  loading  experiment,  but  with  downward 
deflection  instead  of  upward  deflection.  In  this  case,  the  final  result  again  was  indepen¬ 
dent  of  loading  path;  the  difference  in  final  strains  was  negligible^  765-750  =  15  juin.  /in. 
However,  the  more  significant  result  in  this  case  was  that  the  individual  loadings  could 
not  be  superimposed  to  give  the  correct  combined  value  of  net  strain;  i.e.,  e 0  = 

520  +  300  =  820  juin.  /in. ,  which  was  appreciably  different  from  the  values  of  765  or 
750  juin.  /in.  for  each  path  for  the  combined  loadings.  This  result  is  attributed  to  larger 
net  strains  in  this  case  and  consequently  to  greater  nonlinear  effects.  The  strains  from 
downward  deflection  add  to  the  strains  from  upward  pressure  to  give  a  larger  magnitude 
of  net  strains,  but  the  strains  from  upward  deflection  in  the  previous  case,  Figure  1-16, 
subtracted  from  the  pressure  strains  to  give  lower  net  strains. 

The  greater  nonlinearity  in  the  combined  downward  deflection  and  upward  pressure 
loadings  was  also  partially  attributed  to  hub  support  of  the  diaphragm.  Both  of  these 
loadings  force  the  hub  and  diaphragm  together  over  a  short  radial  length  near  the  inside 
edge,  as  can  be  noted  in  Figure  1-8.  This  contact  was  believed  to  have  increased  with 
increasing  load  and  thus  contributed  to  the  nonlinear  response. 


Comparison  of  Theoretical  and 
Experimental  Results 


The  theoretical  and  experimental 
tion  loadings  were  first  compared.  As 
Diaphragm  JD181  are  somewhat  higher 
JD190. 


results  for  the  spring  constant  (k)  for  the  deflec- 
shown  in  Table  1-7,  the  theoretical  values  for 
than  the  experimental  values  for  Diaphragm 


The  experimental  spring  constant  was  found  to  be  higher  for  downward  deflection 
(k  =  234  lb/in.  )  than  for  upward  deflection  (k  =  212  ]b/in,  ),  as  noted  earlier  in 
Figures  1-12  and  1-14.  However,  the  theoretical  spring  constants,  using  the  13 -part 
mathematical  model  of  Table  1-2,  were  found  to  be  essentially  the  same  for  both  upward 
and  downward  deflections.  The  difference  noted  in  the  experiments  was  believed  due  to 
hub  and  rim  support  of  the  diaphragm  over  small  regions  near  the  inside  and  outside 
edges,  respectively,  for  downward  deflections.  (This  is  apparent  in  Figure  1-8.  ) 
However,  the  10 -part  mathematical  model,  Table  1-3,  theoretically  accounts  for  these 
supporting  effects  for  downward  deflections.  The  theoretical  results  for  the  spring 
constant  (k)  for  the  10 -part  mathematical  model  are  also  shown  in  Table  1-7,  An 
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increase  in  k  by  a  factor  of  -r—r  =  1. 22  was  found  theoretically  for  downward  deflections 

234 

over  upward  deflections.  The  experimental  factor  is  yjy  =  *  ■  10.  Thus,  the  10-part 


mathematical  model  accounted  for  increased  stiffness  for  downward  deflections  due  to 
hub  and  rim  support,  but  it  seemed  to  somewhat  overaccount  for  the  increase.  This 
may  have  been  due  to  differences  in  geometry  of  the  Diaphragms  JD181  and  JD190,  or 
it  may  have  been  due  to  incomplete  support  at  the  hub  as  evidenced  by  a  small  gap 
between  the  diaphragm  and  the  hub  in  Figure  1-2. 


Theoretical  and  experimental  strains  were  also  compared,  but  the  bending  part 
of  the  experimentally  measured  strains  had  to  be  first  corrected  for  the  effect  of  gage 
and  cement  thickness.  In  Appendix  Q,  this  thickness  measurement  was  reported  for 
the  same  type  of  gages  used  here  in  the  diaphragm.  The  midsurface  of  the  strain  gages 
was  found  to  be  0.00135  in.  above  the  diaphragm  surface.  Assuming  a  linear  strain 
gradient  through  the  diaphragm  thickness  and  taking  an  average  diaphragm  thickness 


1-5 


of  0.0055  in.,,  the  measured  bending  strains  were  reduced  by  the  factor  (6.0055/2 )/ 
(0.0,0135  +  0.0055/2)  =  0.671,  i.e., 

^ebending^  corrected  *  671  j^ehending 

The  measured  strains,  however,  were  total  strains  and  not  bending  strains.  In 
order  to  calculate  the  experimental  bending  strain  from  the  experimental  total  strain, 
the  theoretical  ratio  of  membrane  strain  to  bending  strain  was  used,  i.e., 

(lending.)  experimental  =  (  theoretica!  * 

where,  in  general 


J  measured 


(|-3) 


£  “*  £  4.  £ 

total  ”  membrane  bending 

Thus,  the  total  corrected  experimental  strains  were  found  from  the  formula 

etotal  "  6*671  lending  +  ^membrane  ;  (1-5) 

A  comparison  of  theoretical  and  experimental  strains  was  made  for  the  merid¬ 
ional  strain  (e^)  at  Location  8  and  for  the  circumferential  strain  (£q)  at  Location  7. 

The  locations  are  shown  in  Figure  1-8.  The  theoretical  and  experimental  strains  are 
shown  in  Tables  1-8  and  1-9;  For  a  downward  deflection  of  <5  =  -0.020  inch,  a  larger 
magnitude  of  total  meridional  strain  at  Location  8,  Table  1-8,  was  found  for  the  10 -part 
mathematical  model  than  for  the  13 -part  mathematical  model.  (The  theoretical  cir¬ 
cumferential  strains,  Table  1-8,  were  about  the  same  for  each  model).  The  results  of 
these  two  models  bracket  the  experimental  results.  Therefore,  it  is  concluded  that 
the  10 -part  model  accounts  for  hub  and  rim  support  of  the  diaphragm  which  was  evi¬ 
dently  present  in  the  downward  deflection  experiments. 

Comparison  of  the  total  theoretical  and  total  corrected  experimental  meridional 
strains  in  Table  1-8  for  the  pressure  loading  p  =  2.45  psi  shows  that  the  theoretical 
strain  predicted  for  the  11 -part  mathematical  model  is  almost  exactly  the  same  as  the 
experimental  strain,  viz.,  -358  pin. /in.  as  compared  with  -360  pin. /in,  Evidently, 
the  hub  again  supported  the  diaphragm  during  the  upward  pressure  experiments  as  it 
did  in  the  downward  deflection  experiments  and  the  11 -part  mathematical  model  cor¬ 
rectly  accounts  for  this  hub  support  for  upward  pressure  loading.  The  rim  does  not 
offer  support  when  the  diaphragm  is  subjected  to  upward  pressure  as  can  be  observed 
in  Figure  1-8.  This  result  again  confirms  the  presence  of  hub  support  when  the  dia¬ 
phragm  and  hub  are  forced  together.  For  comparison,  the  results  obtained  using  a 
13  -part  mathematical  model  are  included  in  Table  1-8  for  p  =  2,45  psi.  As  evident, 
the  13 -part  model,  which  does  not  account  for  hub  support,  shows  a  much  lower 
theoretical  strain  (-248  /iin.  /in.  ). 

Further  comparisons  of  theory  and  experiment  are  made  in  Figures  1-18,  1-19, 
and  1-20,  where  upper -surface  meridional  stresses  calculated  from  corrected  strain - 
gage  data  are  shown  superimposed  on  the  theoretical  curves  (shown  previously  in 
Figures  1-5,  1-6,  and  1-7).  As  can  be  observed,  the  experimental  points  are  close  to 
the  theoretical  predictions. 
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The  above  comparisons  of  theoretical  and  experimental  results  show  that  the 
computer  program  NONLIN  enables  an  accurate  prediction^  of.  strains  and  stresses  when 
the  diaphragm  is  correctly  .modeled  for  specific  loadings. 

Overload -Experiments  and  Plastic -Collapse  Analysis 
Overload  Deflection  Experiments 

Instrumented  Diaphragm  JD190  was  also  subjected  4o  upward  deflections  to  cause. 
Strains  in  the  plastic  range.  Upward  deflections  were  chosen  rather  than  downward 
deflections  because  of  the  complication  of  hub  and  rim  support  to  the  diaphragm  in  the 
latter  case.  Also,  the  response  to  upward  deflections  was  considered  to  be  of  more 
importance  to  the  fatigue  behavior  than  response  to  upward  pressure.  Therefore,  the 
upward-deflection  experiments  were  carried  into  the  plastic  range  on  Diaphragm  JD190 
which  had  been  kept-free  of  plastic  deformation  up  to  this  time.  Once  these  experi¬ 
ments  were  carried  out,  the  diaphragm  became  permanently  deformed  and  was  not  used 
further  for  any  other  type  of  experiments. 

Figures  1-21,  1-22,  and  1-23  show  load -versus -deflection  curves  for  9  overload 
runs.  The  first  three  runs  were  made  to  a  deflection  of  6  =  0. 050  inch  and  then  un¬ 
loaded  to  zero  deflection  as  shown  in  Figure  It21.  The  first  load  reached  was  13.  7  lb. 
Shakedown*  occurred  after  three  runs;  i.e.,  repetitive  data  were  measured  for  a  shake - 
down  load  varying  between  +13.2  lb  and  -0. 90  lb.  Figures  1-22  and  1-23  show  subse¬ 
quent  runs  to  higher  deflections  of  6  =  0.070  in.  and  6  =  0.08  in.  Again,  shakedown 
was  achieved  after  three  runs  to  the  maxirnum  deflection.  The  shakedown  loads  were 
(+19.0  lb,  -1.40  1b),  and  (+25.3  lb,  -2.05  1b),  respectively. 

Figure  1-24  shows  the  experimentally  measured  strains  at  Locations  1  and  8  for 
the  three  overload  deflection  experiments.  Results  for  Runs  1,  4,  and  7  are  shown. 
Strain  results  for  the  subsequent  two  runs  were  essentially  the  same  in  each  of  the 
three  cases,  i.e. ,  there  were  only  small  changes  for  subsequent  runs.  For  exarnple, 
the  maximum  strains  measured  at  Location  8  were  4560,  4535,  and  4510  pin,  /in.  for 
Runs  7,  8,  and  9  respectively.  These  results  indicate  that  the  diaphragm  can  be  cycled 
into  the  plastic  range,  with  shakedown  occurring  after  very  few  cycles. 


Overpressure  Experiments 


Two  diaphragms  JD188  and  JD189  were  subjected  to  overpressures  up  to  60  psi 
and  300  psi,  respectively.  In  these  experiments,  dial  indicators  were  used  to  measure 
upward  deflections  of  the  crowns  of  convolutions  at  the  Locations  3,  5,  7,  and  9  shown 
in  Figure  1-8.  Deflection -versus  -pressure  results  are  shown  in  Figures  1-25  and  1-26. 
The  deflections  reached  were  almost  entirely  retained  as  a  permanent  set  upon  unload¬ 
ing  as  shown.  For  Location  9,  Figure  1-25  shows  a  maximum  deflection  of  0.040  in. 
at  60  psi  and  a  permanent  set  of  0,027  in.  The  difference  0.040  -  0.027  =  0.013  in. 
repre  >nts  a  recoverable  elastic  deflection.  On  the  loading  curve,  0.013  in.  corre¬ 
sponds  to  p  =  12  psi.  This  pressure  can  be  used  as  an  estimate  of  the  "initially  plastic 

4 Shakedown  is  defined  as  that  condition  of  elastic  loading  and  unloading  subsequent  to  a  loading  causing  plastic  flow  to  occur. 
Shakedown  loads  are  not  unique;  they  depend  upon  the  loading  program. 
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collapse"  pressure.  However^  because  elastic  behavior  is  nonlinear  and  elastic  loading, 
and  elastic  unloading  behavior  may  differ,  this  estimate  is  approximate.  Different 
estimates  would  be  obtained  for  locations  other  than  Location  9,  but  for  Location  9,  the 
unloading  curve  is  most  nearly  parallel  to  the  elastic  part  of  the  loading  curve,  and 
consequently  the  estimate  of,p  =  12  psi  is  considered  best. 

Diaphragm  JD189  was  pressurized  to  lOOpsi  first,  then  unpressurized,  arid-then 
pressurized  to  300  psi  as  indicated  in  Figure  1-26.  The  second  loading  curves  follow1 
closely  the  first  unloading  curves.  From  the  first  loading  and  unloading  curves  for 
Location  9  in  Figure  1-26,,  the  recoverable  elastic  deflection  from  unloading  is  0.  039  - 
0.026  =  0.013  in.,  which  corresponds  to  an  initial  plastic  collapse  pressure  of  p  =  17 
psi  on  the  first  loading  curve. 

The  second  loading  of  Diaphragm  JD189,  Figure  1-26,  is  really  the  loading  of  a 
new  shape  of  diaphragm  which  may  have  been  further  strain  hardened  in  addition  to  its 
initial  forming  operation.  However,  the  second  loading  curves  appear  to  become 
tangent  to  the  initial  loading  curves . 

Although  the  initial  plastic  collapse  pressures  are  relatively  small,  the  diaphragm 
can  withstand  much  higher  pressure  without  burst  (up  to  300  psi),  but -.it  does  so  with,  a 
great  change  in  shape.  This  can  be  observed  in  Figures  1-27  and  1-28,  which  show 
photographs  of  cross -sectioned  and  encapsulated  Diaphragms  JD188  and  JD189  after 
deformation. 


Plastic  Collapse  Analysis 


First  the  method  of  using  the  linear  elastic  solution  for  predicting  plastic  collapse 
is  considered.  As  observed  from  the  theoretical  analysis  described  above,  the  maxi¬ 
mum  stresses  are  predominantly  bending  stresses  which  occur  at  the  inside  and  outside 
edges.  Consequently,  the  maximum  bending  moment  predicted  by  the  elastic  theory 
can  be  scaled  up  to  the  yield  moment  value  in  order  to  give  a  lower  bound  to  the  collapse 
load.  The  yield  moment  My  in  a  shell  is 


(1-6) 


where 


Oy  =  yield  tensile  stress,  psi 
h  =  thickness,  in. 


From  the  linear  computer  calculations  the  maximum  bending  moments  for  upward 
deflection  (P)  and  upward  pressure  (p)  loadings  for  13 -part  and  11 -part  mathematical 
models  are,  respectively, 


|M J  =  0.0222  P, 
|M0  |  =  0.0553  p  . 


(I-7a,  b) 
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Equating  Equations  (I-7a, b)  and  (1-6)  for  gv  =  40,  000  psi  and  h  =  0.0055  in.  average 
gives  the  following  values  for  the  lower  bounds  P"  and  p"  to  the  collapse  load  Pc  arid 
collapse  pressure  pc; 


Pc  =  P  *  =  13.6  lb  , 
Pc  =  P"  =  5- -48  psi  . 


(I-8a,  b) 


The  value  P“  =  1-3.6  lb  is  very  close  to  the  value  P  =  13.7  lb,  in  Figure  1-21,  at  which 
plastic  deformation  was  first  recorded,  but  the  value  p”  =  5.48  psi  is  appreciably  dif¬ 
ferent  from  the  initial  collapse  values  p  =  12  psi  and  p  =  17  psi  estimated  from  experir 
mental  results  oh  Diaphragms  JD188  and  JD189.  However,  the  lower  bound  estimate 
(Equation  I-8b)  is  certainly  a  lower  bound  relative  to  the  experimental  estimates ;  The 
yield -strength  value,  Cy  =  40,  000  psi,  is  for  annealed  sheet  material.  In  the  cold- 
drawn  condition,  Oy  =  65,  000  psi.  The  exact  amount  of  cold  work  in  forming  the  dia¬ 
phragms  is  unknown.  Using  Oy  =  65,  000  psi  gives  higher  values  for  the  lower  bounds: 
P  =  22.  1  lb  and  p  =  8.  9  psi. 


Battelle  has  recently  developed  two  computer  codes- for  the  plastic  collapse  of 
thin  shells  of  revolution:  one  based  upon  the  Tresca  yield  condition,  the  other  oh  the 
von  Mises  yield  condition.  The  codes  embody  a  rigid  perfectly  plastic  analysis,  so 
they  do  not  account  for  progressive  strain  hardening  of  the  shell  material.  However, 
the  codes  do  serve  to  predict  initial  plastic  collapse  of  shells  of  strain -hardening 
materials  such  as  Type  347  stainless  steel  if  the  correct  value  of  the  yield  strength 
is  used.  At  present  the  codes  employ  small  deformation  theory.  The  computer  pro¬ 
gram  based  upon  the  von  Mises  yield  condition  was  used  to  calculate  collapse  loads  for 
upward  deflection  and  upward  pressure  on  the  mathematical  models  of  Diaphragm 
JD181.  For  upward  deflection,  the  13 -part  mathematical  model  (Table  1-2)  was  used, 
and  for  upward  pressure,  the  11 -part  mathematical  model  (parts  12  and  13  eliminated) 
was  used.  Clamped  boundary  conditions  were  imposed  at  both  the  inside  and  outside 
edges.  A  yield  strength  of  40,000  psi  in  tension  was  assumed  for  the  Type  347  stain¬ 
less  steel.  An  average  thickness  of  0.0055  in.  was  Assumed.  An  upper  bound,  Pj,  to 
the  collapse  load,  Pc,  for  upward  deflection  was  calculated: 

Pc  <  P+  =  2 1 . 0  I'd  . 

This  is  somewhat  higher  than  the  load  P  =  13. 7  lb,  Figure  1-21,  at  which  plastic  de¬ 
formation  became  significant  in  Diaphragm  JD190,  but  it  is  in  between  the  load  values 
in  Figures  1-22  and  1-23. 

An  upper  bound,  p*,  to  the  collapse  pressure,  pc,  was  also  calculated: 

Pc  <  pj  =  16  psi  . 

From  the  experimental  results  on  Diaphragms  JDJ. 88  and  JD189,  initial  plastic  collapse 
pressures  of  12.0  psi  and  17  psi,  respectively,  were  estimated.  Thus,  the  theoretical 
value  of  16  psi  is  in  close  agreement  with  the  experimental  results. 


More  accurate  calculations  are  possible  using  the  Battelle  plastic  collapse  com 
puter  programs.  Actually,  "exact"  values  of  initial  collapse  loads  are  possible  (satis 
fying  both  the  lower  bound  and  upper  bound  conditions)  for  shells  with  thickness  and 
strength  varying  along  the  meridion.  Thus,  the  effect  of  increased  strength  from 
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strain  hardening  at  roots  and  crowns  of  convolutions  can  be  included.  The  detailed 
analysis  is  complicated,  however,  and  was  beyond  the  scope  of  the  present  program. 
However,  such  future  detailed^effOrts  are  recommended. 

Although  the  initial  plastic  collapse  pressure  is  relatively  small,  pc  ~  16  psi,  the 
diaphragms  can  withstand  much  higher  pressures  without  burst,  as  noted  previously. 
This  behavior  is  attributed  to  the  favorable  geometry  change  during  deformation.  As 
noted  in  Figures  1-27  and  1-28,  the  diaphragms  deform  from  the  corrugated  shape 
toward  a  semitoroidal  shape  with  flattening  of  the  corrugations.  Thus,  large  deforma. - 
tions  are  possible  without  appreciable  stretching,  but  with  appreciable  bending  at  the 
tops  and  bottoms  of  the  convolutions;  i.e.,  material  is  available  in  the  corrugations  to 
permit  a  grossly  deformed  shape  without  reducing  the  thickness  .  This  type  of  behavior 
is  illustrated  by  the  hinged  beam  model  in  Figure  1-29,  where  the  collapse  load  curve 
is  shown  for  two  rigid  beams  joined  by  a  yield  hinge  at  the  center  and  pulled  apart  at 
the  ends.  As  shown,  the  initial  ^collapse  load  (for  rectangular  cross -sectioned  beams) 
for  predominantly  bending  collapse  is  only  1/28.3  =  0.0353  times  the  final  collapse  load 
for  pure  tension  collapse  when  the  hinged  beam  model  straightens  out.  It  is  noted  that 
this  curve,  Figure  1-29  for  the  hinged  beam,  is  concave  upward  similar  to  the  pressure 
loading  curves,  Figures  1-25  and  1-26  (up  to  100  psi),  and  also  the  upward  deflection 
curves,  Figures  1-21,  1-22,  and  1-23 ; 

The  overload  experiments  and  the  above  simplified  beam  analysis  indicate  that 
corrugated  diaphragms  can  withstand  loads  much  beyond  their  initial  plastic  collapse 
loads.  Accurate  prediction  Of  this  kind  of  behavior  will  require  an  elastic -plastic 
theoretical  analysis.  Battelle  is  currently  developing  an  elastic -plastic  computer  code 
for  shells.  It  is  recommended  that  this  code  be  applied  in  future  analysis  of 
diaphragms . 
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TABLE  1-1.  COORDINATES  AXD  THICKHESSES  FOR  4-HCH 
COKVOLUTH)  DIAPHRAGM  JDlfll 
(1  unit  *  OiOOl  inch) 


Beading 

Coordinates 

_ _ Z _ : _ : _ ■■ 

Translated 
Coordinate.- x 

Thickness 

1 

33 

-316 

0 

586 

2 

33 

-296 

.20 

590 

3 

33 

-276.5 

39.5 

5  66 

4 

29 

-264 

52 

578 

5 

22.5 

-250 

66 

578 

6 

17.5 

-235 

8i 

574 

8 

15 

-217 

99 

578 

7 

17.5 

-194.5 

121.5 

582 

9 

22.5 

-179.5 

136.5 

574 

10 

29.5 

-165.-5 

150.5 

582 

11 

36 

-151 

165 

574 

12 

40.5 

-135.5 

100.5 

570 

13- 

42 

-118 

198 

562 

14 

4o.'5 

-100 

216 

562 

15 

36 

-84 

232 

558= 

16 

29.5 

-70.5 

245.5 

570 

17' 

21 

-57 

259 

578 

13 

12.5 

-U3.5 

•272.5 

57Q 

19 

6 

-30 

286 

566 

20 

1.5 

-14.5 

301.5 

562 

21 

0 

0 

316 

570 

22 

1.5- 

15 

331 

570 

23 

5.5 

30 

346. 

574 

2U 

12.5 

45 

361 

574 

25 

19;5 

60' 

376 

566 

26 

25.5 

75 

391 

550 

27 

29.5 

90 

406 

550 

28 

31 

105 

421 

554 

29 

29.5 

120 

436 

550 

30 

25.5 

136 

452 

566 

31 

19-5 

150 

466 

562 

32 

12.5 

162 

478 

546 

33 

5.5 

175.5 

491.5 

550 

34 

0 

190 

506 

554 

35 

-2.5 

209 

525 

558 

36 

0 

230 

546 

554 

37 

5.5 

246.5 

562.5 

550 

38 

12.5 

258.5 

574.5 

550 

39 

20.5 

270 

586 

542 

40 

29 

283 

599 

538 

4l 

36 

299 

615 

538 

42 

40 

326.5 

642.5 

538 

43 

36 

352.5 

668.5 

546 

44 

29 

369 

685 

554 

45 

21.5 

381.5 

697.5 

554 

46 

15 

396 

712 

554 

47 

10 

411.5 

727.5 

538 

48 

8.5 

426.5 

742.5 

534 

49 

10 

44l 

757 

538 

50 

15 

458 

774 

538 

51 

21.5 

470 

786 

538 

52 

29.5 

480.5 

796.5 

542 

53 

36 

490 

806 

546 

54 

43 

501.5 

817.5 

546 

55 

49 

515.5 

831.5 

546 

56 

52 

538.5 

854.5 

542 

57 

49 

561 

877 

534 

58 

43 

577 

893 

546 

59 

37 

591.5 

907.5 

514 

60 

36 

608.5 

924.5 

554 

6l 

37.5 

628.5 

944.5 

550 

62 

37.5 

648.5 

964.5 

566 
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TABLE  1-2.  DIMENSIONS  OF  13-PART  MATEBtATICAL  MODEL  OF  '4-INCH 

COHVOLUTED  DIAFBRAOt  «5Dl8l  FOR  UPWARD  DEFLECTION  LOADING 


Part 

a. 

inches 

b, 

indies 

Meridional  Coor¬ 
dinates*  9.  dec. 
Initial  Final 

1 

Conical 

1.982 

0.03300 

180  ;0 

2 

Toroidal 

1.949 

0;04830 

10O;O 

210.0 

3 

Toroidal 

1.8805 

-0.08900 

210.0 

149.6 

4 

Toroidal 

1.7835 

0.10100 

149.6 

219.0 

5 

Toroidal 

1.6655 

-0.08720 

219.0 

146.3 

6 

Toroidal 

1*5615 

0.09950 

146.3 

215.5 

7 

Toroidal 

1.4555 

r0.08304 

215.5 

139.3 

8 

Toroidal 

1.341 

0.09180 

139.3 

214.5 

9 

Toroidal 

1.2405 

-O.O8636 

214.5 

139.0 

10 

Toroidal 

1.126. 

0.08860 

139.0 

208.5 

11 

Toroidal 

1.063 

-0 .64210 

208.5 

178.0 

12 

Conical 

1.061 

0.02490. 

178.0 

• 

13 

Conical 

1.0365 

0.62000 

180.0 

— 

TABLE  1-3.  DIMENSIONS  OF  10-PART  MATHEMATICAL  MODEL  0F4-INCH  CON¬ 
VOLUTED  DIAPHRAGM  JD181  FOR  DOWNWARD  DEFLECTION  LOADING 


Part 

Shell  Tyne 

a. 

inches 

D, 

inches 

i'ffrPMBffii 

1 

Toroidal 

1.949 

0.04830 

180.0 

210.0 

2 

Toroidal 

1.8805 

-O.O890O- 

210.0 

149.6 

3 

Toroidal 

1.7835 

O.IOI66 

149.6 

219.0 

4 

Toroidal 

1.6655 

-0.08720 

219.0 

146 ;  3 

5 

Toroidal 

1.5615 

0.09950 

146.3 

215.5 

6 

Toroidal 

1.4555 

-0.08304 

215.5 

139.3 

*» 

Toroidal 

1.341 

0.09180 

139.3 

214.5 

8 

Toroidal 

1.2405 

-0.08630 

214.5 

139.0 

9 

Toroidal 

1.126 

6.08860 

139.0 

208.5 

10 

Toroidal 

1.063 

-0.04210 

208.5 

194.0 

TABLE  1-4,  DIMENSIONS  OF  11-PART  MATHEMATICAL  MODEL  07  4- INCH 

CONVOLUTED  DIAPHRAGM  JDlfll  FOR.  UPWARD  PRESSURE  LOADING' 


Meridional  Coor- 


Part 

Shell  Tme 

a. 

inches 

b, 

inches 

dinates,®. 

Initial 

degree 

Final 

1 

Conical 

1.982 

0.03300 

180.0 

. 

2 

Toroidal 

1.949 

0.04830 

180.0 

210.0 

3 

Toroidal 

1.8805 

-0,08900 

210.0 

149.6- 

4 

Toroidal 

1.7835 

0.10100 

149.6 

219.0 

5 

Toroidal 

1.6655 

-0.08720 

219.0 

146.3 

6 

Toroidal 

1.5615 

0.09950 

146.3 

215.5 

7 

Toroidal 

1.4555 

-0.08304 

215.5 

139.3 

8 

Toroidal 

1.341 

6.09180 

139.3 

214.5 

9 

Toroidal 

1.2405 

-0.08630 

214.5 

139.0 

10 

Toroidal 

1.126 

0.03860 

139.0 

208.5 

11 

Toroidal 

1.063 

-0i 04210 

208,5 

194.0 

TABLE  1-5.  CHANGE  IH  EXPERIMENTAL  STRAUS  AT  DIFFERENT  CIRCUM¬ 
FERENTIAL  LOCATIONS  AFTER  CLAMPING  OF  DIAPHRAQt  JD190 


'  ■  *■ 

Meridional  Strain^*).  Min. /in 

...at  Location  Number^ ) 

3 

(0  =  0°) 

11 

.  (0  =  120°) 

13 

(0  .*  240?) 

7 

(6  *  0°), 

10 

.  (0  =120°) 

12 

(8  2i*0°) 

60 

105 

-100 

65 

35 

-30 

30 

120 

-100 

55 

-15 

-30 

25 

...  115 

-75. 

60 

30 

-30 

Average  38 

113 

,  -92 

60 

17 

-30 

T a) Change  from  the  undamped  position.  At  the  unclamped  position  the  hub  was  observed 
to  he  tilted  with  respect  to  the  rim.  The  huh  was  clamped  to  be  parallel  to  the  rim 

(h)  Locations  shown  in  Figure  1-8; 


TABLE  1-6.,  EXPERIMENTAL  STRAINS  MEASURED  AT  DIFFERENT 
CIRCUMFERENTIAL  LOCATIONS  ON  DIAPHRAGM  JD19Q 


Meridional  Strain,  .  in. /in 

. ,  at  Location  Number 

3 

11 

13 

7 

10 

12 

Loading 

(0  a  0°) 

ttBEal 

itmsmi 

(8  »  0°). 

Upward  J 

-250 

-210 

-270 

-215 

-235 

-215 

Deflection,  < 

-250 

-210 

-290 

-2i5 

-215 

-215 

6  =  0.020  in. ] 

=250 

Z21£ 

-255 

-210 

-210 

-220 

Average 

\ 

-253 

-212 

-272 

-213 

-220 

-217 

Downward  ' 

)  15 

75 

1*5 

■30 

-(a) 

55 

Deflection,  > 

\  15 

80 

70- 

30 

- 

55 

6=  -0.020  in. 
Average 

\ 

1  15 

80 

~fS 

-8 

30 

30 

— =- 

60 

57 

Internal  J 

130. 

155 

iUo 

500 

545 

535 

Pressure  \ 

115 

155 

145 

1*75 

515 

525 

P  -  5  ir.  Hg,] 
Average 

115 

120 

160 

157 

Jk 

1U3 

Jill 

T*83 

-ISO 

527 

5i*9 

533 

(a)  The  gage  at  Location  10  shewed  an  open;  circuit  at  this  time  in  the  experiments . 


TABLE  1-7.  COMPARISON  OF  THEORETICAL  AND  EXPERIMENTAL  SPRING  CONSTANTS 


_ Spring  Constant.  k»  lb/in. 

Direction  Mathematical  Theoretical  (JDlSlJ 

of  Loading  Model, _ Linear  Nonlinear _ Experimental  (JD190) 


Upward 

13-part 

254 

256 

212 

Downward 

13-part 

258 

254 

234 

10-part (a) 

305 

312 

TaT^^^lO^paJrmodeJ^ccountedfOThothTui^upportaSdnBrsu^ortatthe" 

inside  and  outside  edges,  respectively,  of  the  diaphragm. 


TABLE  1-8.  COMPARISON  OF  THEORETICAL  AND  EXPERIMENTAL, MERIDIONAL  STRAINS  ON 
UPPHt  SURFACE  AT  LOCATION  8 


Mathematical 

Theoretical  Strain 
(JDl8l)*«m,  microin./in. 

Total  Experimental  Strain, 

-  (JD190) microin/in.- .  . 

Loading 

Model 

Membrane  Bending  Total 

Measured 

Corrected^ 

6  =  0.015  in. 

13 

78  313  391 

602 

390 

6  »  -0.020  in. 

6  =  -0.020  in. 

10  (*) 

13 

-122  -1+1+8  ^570 

-120  -333  -1+53 

-670 

rl+97 

-509 

p  =  2.1+5  psi 
p  =  2.1+5  psi 

ll(c) 

13 

-  95  -263  -358 

-106  -ll+2  -2l+8 

-475 

-360 

-386 

(a)  The  bedding  part  of  the  measured  experimental  strains  was  corrected  for  the  effect 
of  gage  and  cement  thickness  according  to  Equation  (1-5)  in  the  text.  The  mea¬ 
sured  strains  are  the  average  values  for  3  experiments . 

(b)  The  10-part  model  accounted  f or  both  hub  support  and  rim  support  for  downward- 
deflection  loading. 

(c)  The  11-part  model  accounted  for  hub  support  at  the  inside  edge  for  upward- 
pressure  loading. 

TABLE  1-9. 

COMPARISON  OF  THEORETICAL  AND  EXPERIMENTAL  CIRCUMFERENTIAL  STRAINS 

ON  UPPER  SURFACE  AT  LOCATION  7 

Mathematical 

Theoretical  Strain* 
(JDl8l)»  *S+  microin./in. 

Total  Experimental  Strain, 
(JD190)  , microin./in.  . 

Loading 

Model 

Membrane  . Bending  Total 

Measured 

Corrected^®! 

6=  0.015  in. 

13 

230  1+0  270 

288 

27l+ 

-0.020  in. 

6  »  -0.020  in. 

10  (*■) 

13 

-363  -61+  -1+27 

-  33  -59  -392 

-1+10 

-390 

-390 

p  »  2.45  psi 
p  =  2.1+5  psi 

ll(c) 

13 

-178  -32  -210 

-162  -30  -192 

-207 

-197 

-197 

(a)  The  bending  part  of  the  measured  experimental  strains  was  corrected  for  the 
effect  of  gage  and  cement  thickness  according  to  Equation  (1-5)  in  the  text. 
The  measured  strains  are  the  average  values  for  3  experiments. 


(b)  The  10-part  model  accounted  for  both  hub  support  and  rim  support  for  downward- 
deflection  loading, 

(c)  The  11-part  model  accounted  for  hub  support  at  the  inside  edge  for  upward- 
pressure  loading. 


1-14 


1-15 


FIGURE  1-2.  ENLARGED  VIEW  OF  THE  CONVOLUTIONS  OF  4-INCH  CONVOLUTED  DIAPHRAGM  (JD1 81) 


FIGURE  1-4.  THICKNESS  VARIATION  FOR  4-INCH  CONVOLUTED  DIAPHRAGM  (JD181) 


if*!?  oox‘sx+ 


Radial  Direction  ,  r 


(a)  Locations  along  0*6°  meridion 


(b)  Locations  along  0«  120*  and  0«24O*  meridions 

FIGURE  1-8.  STRAIN-GAGE  LOCATIONS  ON  DIAPHRAGM  JD190 
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FIGURE  I- 10.  CLOSE-UP  VIEW  OF  THE  18  STRAIN  GAGES  INSTALLED' ALONG  ONE  RADIAL 
LINE  (0=0°)  OF  DIAPHRAGM  JD1 90 
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FIGURE  I-  14 
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Upward  Pressure, p{  in.  Hg  -*•  u  ,uuo  0,0  •°15 

Downward  Deflection ,8, In. 


FIGURE  I-  17.  EXPERIMENTAL  STRAIN  MEASURED  AT  LOCATION  8  ON 
DIAPHRAGM  JD190  FOR  COMBINED  UPWARD  PRESSURE 
AND  DOWNWARD  DEFLECTION 


tSJ 


FIGURE  1-25.  DEFLECTIONS  MEASURED  ON  DIAPHRAGM  JD188  DURING 
OVERPRESSURE  EXPERIMENT 


Location  *9  5 


FIGURE  1-26.  DEFLECTIONS  MEASURED  ON  DIAPHRAGM  JD189  DURING 
OVERPRESSURE  EXPERIMENT 

1-28 


IX 


2C492 


(a)  Diaphragm  JD188  After  Over-Pressure  to  60  psi 


IX  2C493 

(b)  Diaphragm  JD189  After  Over-Pressure  to  300  psi 


FIGURE  1-27.  DISTORTED  SHAPES  OF  DIAPHRAGMS  JD188  AND  JD189 
AFTER  OVER-PRESSURE  EXPERIMENTS 


1-30 


FIGURE  1-28.  DISTORTED  SHAPES  OF  DIAPHRAGMS  JD188  AND  JD189  AFTER  OVERPRESSURE  EXPERIMENTS 


<s0-a  .degrees 


FIGURE  1-29.  INCREASE  OF  PLASTIC  COLLAPSE  LOAD  Pc  WITH 
DEFORMATION  FOR  A  HINGED  BEAM  MODEL 


1-31  and  1-32 


APPENDIX  J 


ELASTIC  BUCKLING  AND  PLASTIC  COLLAPSE  OF  BELLOWS 


ABBREVIATIONS  AND  SYMBOLS 


D 

I 

E 

a 

w 

L 

M 

S 

<h 

0 

u¥ 

a 

? 

M$.  Me 

Q0.  Qq 


n*,  Ne 
N*0 

R 

V 

Ml 

Mt 

N 

N2 


a 

A 


Per 

A 

k 


kpPcr 


(a),  (c),  (s) 


P 

% 


Lateral  bending  stiffness  of  bc'iows,  lb-in,  - 
Moment  of  inertia  of  bellows  area,  in."* 

Modulus  of  elasticity,  psi 

Angle  of  rotation  of  free  end  of  cantilevered  bellows  loaded  laterally,  deg 
Weight  applied  to  free  end  of  cantilevered  bellows  in  bending  test,  in-lb/in. 

Total  live  lengtn  of  bellows,  in. 

Total  length  of  bellows  assembly,  in. 

Lateral  bending  moment  applied  to  bellows,  in-lb 
Slope  of  load  rotation  curves  in  bending  tests  (S  =  Vf/0) 

Angle  between  normal  to  bellows  surface  and  its  axis  of  revolution,  deg 
Effective  shear  resultant  force  in  direction  normal  to  the  shell,  lb/in. 
Displacement  in  the  meridional  direction,  in. 

Angle  of  rotation  of  bellows  normal  in  meridional  direction,  deg 
Displacement  in  the  circumferential  direction,  in. 

Small  rotation  imposed  on  free  end  of  mathematical  model  of  bellows,  deg 

Bending  moment  resultants  in  meridional  and  circumferential  directions, 
respectively,  in-lb/in. 

Effective  shear  resultant  forces  in  direction  normal  to  shell  and  measured  along 
midsurfacc  arcs  normal  to  the  meridional  and  circumferential  directions, 
respectively,  lb/in. 

Membrane  resultant  forces  in  meridional  and  circumferential  directions,  lb/in. 
Membrane  resultant  shearing  force,  Ib/in. 

Resultant  twisting  moment,  in-lb/in. 

Radius  of  a  cylinder  or  radius  to  edge  of  bellows,  in. 

Transverse  shear  force  applied  to  bellows,  lb 

Maximum  value  of  N^  on  edge  of  bent  bellows  (N^  =  Nj  cos  6),  lb/in. 

Maximum  value  of  M$  on  edge  of  bent  bellows  (M^  =  Mj  cos  6),  in-lb/in. 

Effective  shear  resultant  force  in  the  circumferential  direction,  lb/in. 

Maximum  value  of  circumferential  shear  resultant  force  N  due  to  transverse  shear 
force  on  bent  bellows  (N  =  N2  sin  $),  in-lb/in. 

Reduction  factor  relating  Seide's  Formula  to  bellows  bending  analysis 
Axial  compressive  deflection  imposed  on  bellows  in  buckling  experiments,  in. 
Critical  deflection  at  which  bellows  buckles,  in. 

Internal  pressure  in  bellows,  psi 

Critical  Euler  load  (compressive)  for  column  buckling  of  beam,  lb 
Critical  internal  pressure  for  bellows  buckling,  psi 
Mean  cross-sectional  area  of  bellows,  in.^ 

Axial  spring  rate  of  bellows,  lb/in. 

Compressive  load  buildup  at  end  of  clamped  bellows  resulting  from  internal 
pressure  acting  on  convolutions,  lb 

Measures  of  the  deviation  of  actual  bellows  from  a  perfectly  straight  ideal  bellows: 
(a)  is  the  central  deviation,  (e)  is  the  eccentricity,  and  (s)  is  the  slant  offset,  in. 

Allowable  sidewise  deflection  of  bellows  in  buckling  experiment,  in. 

Sidewise  deflection  of  axially  compressed  bellows  duo  to  eccentricity  (e),  in. 
Uniform  radial  expansion  of  bellows  crown  due  to  axial  compression  A,  in. 

Uniform  expansion  of  bellows  crown  due  to  internal  pressure,  in. 

Meridional  surface  stress,  ’psi 
Material  yield  stress  in  tension,  psi 
Shell  thickness,  in. 
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ELASTIC  BUCKLING  AND  PLASTIC  COLLAPSE  OF  BELLOWS 


Theoretical  and  experimental  studies  of  both  elastic  buckling  and  plastic  collapse 
of  bellows  were  included  in  the  research  program.  The  results  of  these  studies  are 
described  in  this  appendix. 

A  potential  failure  mode  of  most  bellows  is  sidewise  beam -column  buckling 
(squirm)  at  relatively  low  internal  pressures  and  small  axial  deflections.  This  overall 
lateral  buckling  of  the  bellows  is  to  be  distinguished  from  higher  order  modes  of  shell 
buckling  which  involve  local  buckling  of  the  wall  of  the  convolutions.  The  former  is 
easily  analyzed  using  beam -bending  theory  of  shells.  The  latter  is  very  complicated 
and  necessitates  the  use  of  shell  theory  not  fully  developed  as  yet  for  shells  of  such 
variable  geometry  as  a  bellows.  Although  the  use  of  shell  theory  for  the  higher  modes 
of  buckling  was  beyond  the  scope  of  the  present  program,  local  shell  buckling  appears 
to  be  less  critical  than  the  beam  buckling  of  bellows. 


Analysis  of  Beam-Column  Buckling  of  Bellows 


This  type  of  analysis  is  concerned  with  the  elastic  instability  of  the  bellows  as  a 
beam  column.  The  buckling  strength  of  a  beam  column  is  proportional  to  its  lateral 
bending  stiffness,  D.  For  conventional  beams,  D  =  El  lb-in.  ^  where  E  =  modulus  of 
elasticity,  psi,  and  I  =  moment  of  inertia  of  area,  in.^.  Generally,  the  stiffness  is 
sufficiently  large  that  short  columns  do  not  buckle.  However,  bellows  are  quite  flexible 
and  short  bellows  can  buckle.  Furthermore,  D  is  not  easily  determined  for  bellows. 
Accordingly,  experimental  and  theoretical  analyses  were  conducted  with  the  test  speci¬ 
mens  in  order  to  find  typical  values  for  D  for  bellows.  These  analyses,  and  experi¬ 
mental  and  theoretical  analyses  of  buckling  of  the  test  specimens  are  described. 


Experimental  Determination  of 
Lateral  Bending  Stiffness  D 


The  experimental  method  for  determining  the  lateral  bending  stiffness  of  bellows 
is  shown  in  Figure  J-l.  The  bellows  was  oriented  horizontally,  clamped  at  its  base, 
and  loaded  at  the  other  end  with  weights,  as  shown.  The  change  in  angle  6  was  mea¬ 
sured  for  each  change  in  weight,  W.  Loadings  were  kept  sufficiently  small  that  no 
significant  permanent  deformation  due  to  plastic  strain  occurred. 

Experiments  were  conducted  on  specimens  of  the  5-,  3-,  and  1-inch  single-ply 
stainless  steel  formed  bellows,  on  specimens  of  the  3-  and  1 -inch  single -ply  Inconel 
formed  bellows,  on  specimens  of  the  3 -inch  double -ply  stainless  steel  formed  bellows, 
on  one  specimen  each  of  the  3-1/2-  and  1-1/2-inch  stainless  steel  welded  bellows,  and 
on  one  specimen  each  of  the  3-  and  1-1/2-inch  AM350  welded  bellows  (see  Appendix  P 
for  descriptions  of  the  test  bellows).  The  formed  bellows  had  a  longitudinal  welded 
seam.  The  effect  of  orientation  of  the  specimens  with  respect  to  the  seam  was  in¬ 
vestigated  by  rotating  the  5 -inch  bellows  JD90  between  experiments.  The  results  are 
shown  in  Figure  J-2,  where  little  effect  of  seam  orientation  was  found.  Additional 


J-l 


results  on  other  specimens  confirmed  this,  although  an  occasional  specimen  exhibited 
some  seam  effect.  Thereafter,  the  effect  of  seam  orientation  was  neglected  and  tests 
were  performed  with  the  specimen  oriented  with  the  seam  to  the  right,  i.e.,  with  the 
seam  in  the  horizontal  plane  containing  the  neutral  axis. 

As  shown  in  Figure  J-l,  the  bellows  was  mounted  as  a  cantilever  beam  with  a 
load  W  and  a  moment  M  =  WL  at  the  free  end.  It  was  assumed  that  bending  occurred 
only  over  the  total  convolution  length  Lc,  i.  e.,  the  cylindrical  parts  of  the  specimens 
were  assumed  to  be  relatively  rigid.  From  beam  formulas,  then,  the  bending  stiffness 
D  was  calculated  as  follows: 

ML,  WL,2  WL,  Lc  Lr 

D  =  —  +  ~Yq~  =  “0—  (L  4  — )  =  57.296  SLC  (L  +  ~)  (J-l) 

where  S  is  the  slope,  lb/deg  of  the  experimental  curves  as  shown  in  Figure  J-2,  and  the 
factor  57.296  accounts  for  the  change  from  degrees  to  .'.dians. 

The  measurements  of  S,  Lc,  and  D  for  the  formed  bellows  are  shown  in  Tables 
J-l  to  J-6.  The  average  bending  stiffness,  D  =  15.4  lb-in.  for  the  1 -inch  Inconel 
bellows  (Table  J-4)  was  higher  than  it  was  for  the  1 -inch  staJ  less  steel  bellows,  D  = 
12.2  lb-in.  ^  (Table  J-3).  But  for  the  3-inch  single -ply  bellows  the  reverse  was  true. 
The  average  bending  stiffness,  D  =  413.4  lb-in.  ^  for  the  3-inch  Inconel  bellows  (Table 
J-5)  was  lower  than  the  value  D  =  586.3  lb-in.  for  the  3-inch  stainless  steel  bellows 
(Table  J-2).  These  results  are  attributed  to  the  different  number  of  convolutions  per 
unit  length,  to  different  thicknesses,  and  to  other  differences  in  geometry.  For  exam¬ 
ple,  the  convolutions  and  thicknesses  were  as  follows: 


Single -Ply  Bellows 

Number  of 
Convolutions 

Nominal  Thickness, 
inch 

1 -inch  Inconel 

16 

0.004 

1 -inch  stainless  steel 

8 

0.005 

3 -inch  Inconel 

14 

0.  006 

3 -inch  stainless  steel 

1C 

0,008 

It  was  also  found  that  the  bending  stiffness  D  of  the  two-ply  bellows  was  approxi¬ 
mately  twice  that  of  the  single -ply  bellows.  This  is  indicated  in  Table  J-6.  These  data, 
average  D  =  1007  lb-in.  are  about  twice  the  average,  D  =  586  lb-in.  2,  found  previously 
for  the  3 -inch  single -ply  stainless  steel  bellows  (Table  J-2).  Thus,  D,  as  well  as  the 
spring  constant  k,  can  be  estimated  for  double -ply  bellows  by  taking  twice  the  respective 
values  of  single -ply  bellows. 


Theoretical  Determination  of  Lateral 
Bending  Stiffness  D 


The  lateral  bending  stiffnesses  of  the  test  bellows  were  also  determined  theoreti¬ 
cally  using  the  shell  computer  codes  MOLSA  and  NONLIN  (see  Appendixes  A.,  B,  and  C). 
MOLSA  was  used  initially,  but  when  NONBIN  was  extended  to  include  nonsymmetric 
loadings  it  was  used  for  these  calculations. 
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In  order  to  find  D  theoretically,  the  length  L,  of  the  mathematical  model  of  the 
bellows  was  given  a  (small)  pure  rotation  /3,  as  shown  in  Figure  J-3.  Analogous  to 
beam  theory,  it  was  assumed  that  plane  sections  remained  plane,  and  that  there  was 
no  extension  of  the  axial  centerline  of  the  bellows.  Also,  it  was  assumed  that  the 
transverse  shear  force  Q  =  0  at  the  boundaries.  This  is  analogous  to  the  resultant 
♦•ransverse  shear  stress  over  the  cross  section  going  to  zero  at  the  top  and  bottom  of  a 
beam.  Thus,  relative  to  Figure  J-3,  the  following  boundary  conditions  were  derived 
for  a  (small)  pure  rotation  of  a  bellows  (or  other  axisymmetric  shell): 


at 

cT 

II 

•e 

Q  =  o,  u<j  =  %  =  o,  u e  =  o, 

(J-2) 

at 

<6=  ft 

Q  =  0,  u^  ~  u  cos  0,  =  i§  cos  0,  uq  =  y  sin  0, 

(J-2) 

where 

-  L 

y  =  t 

(1-cos  /3),  u  =  R  sin  |6 

(J-3) 

In  the  calculations,  the  value  of  the  rotation  was  taken  as  /3  =  0.  01  radian. 

The  computer  input  data  for  program  NONLIN  corresponding  to  these  boundary 
conditions  are  shown  in  Table  J-7  for  bellows  JD68,  as  an  example.  Input  data  for  this 
bellows  have  been  described  in  Appendix  B.  The  same  data  can  be  used  here  except  for 
the  boundary  data.  For  this  nonsymmetric  problem,  boundary  data  in  Table  J-7  for 
Cards  2  and  3  in  Columns  61-80  for  the  displacement  are  needed  in  addition  to  the 
data  previously  described  in  Appendix  B  for  symmetric  problems.  (A  symmetric  prob¬ 
lem  requires  three  boundary  conditions  at  each  edge,  but  the  nonsymmetric  beam- 
bending  problem  requires  four  boundary  conditions.  )  Also  Data  Card  5  is  changed  to 
have  a  1  in  Column  64  to  signify  Fourier  harmonic  mode  No.  1  for  a  beam-bending  type, 
solution. 

This  method  of  computer  calculation  of  beam -bending  stiffness  of  a  shell  was  first 
checked  out  for  the  cylindrical  shell  for  which  closed-form  analytical  solutions  are 
known(lj2,  3)i:,  For  small  rotations  of  a  cylinder,  the  membrane  solution  is  applicable. 
This  is: 


=  Q0  =  Qq  =  N0  =  M =  N0(£  =  0,  =  Ni  cos  0,  (J-4) 

and  corresponds  to  a  lateral  beam -bending  moment 

p7l/2 

M  =  4  \  R  cos  0  N$  •  rd0  =  vRZ^i  (J-5) 

J  0 

where  R  -  radius  of  cylinder.  Application  of  the  boundary  conditions  ( J -2 ),  enables 
determination  of  the  relation  between  M  and  the  rotation  Defining  the  stiffness  D  by 
the  curvature  relation, 


D  =  M  ■ 


L 

P 


(J-6) 


"References  for  Appendix  J  are  listed  on  page  J-10 
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the  membrane  solution  for  a  cylinder  gives 


Nj  =  ERh  •  /3/L, 

and  consequently,  D  =  E7iR^h  ,  (J-7) 

where  h  =  thickness  of  shell  and  E  =  Young's  modulus. 

The  same  result  (J-7)  for  cylindrical  shells  was  also  found  from  the  computer 
calculation  using  boundary  conditions  (J-2).  Therefore,  these  boundary  conditions  were 
taken  to  be  appropriate  for  the  computer  calculation  of  the  beam  bending  stiffnesses  of 
the  bellows  as  well.  However,  it  was  found  that  the  bending  of  a  bellows  is  not  as  simple 
as  that  of  a  cylinder.  Nonzero  values  of  M$,  Mg,  Ng,  Mg^,  and  Ng,j  result  as  con¬ 
trasted  to  the  zero  values  of  the  cylinder  equations  (J-4).  Therefore,  for  a  bellows  the 
equation  for  the  beam-bending  moment  M  is  different  from  Equation  (J-5)  and  includes 
contribution  of  the  shell-wall  moment  M<£.  For  the  bellows: 

p7T/2 

M  =  4  \  [  cos  0  +  R  cos  6?  N^)  Rd0  , 

J  0 


M  =  7tR  (Mi  +  RNi) 


(J-8) 


where  =  Mi  cos0  and  where  now  R  is  the  radius  to  a  root  or  crown  of  a  convolution 
depending  on  which  occurs  at  a  boundary.  In  addition,  in  a  bellows  it  is  found  that  a 
transverse  shear  force  V,  lb.,  does  occur  even  though  Q  =  0  (boundary  conditions 
(J-2)]  .  V  results  from  nonzero  Ng^,  and  Mg^;  i.e. ,  from  N  where 


and 


N  =  N 


Q(b 


sin$ 


M00  =  n2  sin  9 


(J-9) 


p  77/2 

V  =  4\  (N  sin  0)  •  Rd0  =  ttN2R  .  (J- 10) 

J0 


Thus,  the  rotation  f.  of  a  bellows  is  caused  partly  by  a  shear  force  V  in  addition  to  the 
moment  M  as  shown  in  Figure  J-4.  Therefore,  in  this  case  (analogous  to  bending  of  a 
beam), 


D  =  M  -~r  +  y 

£  2/3 


(J-ll) 


[Note  correspondence  with  Equation  (J-l)  used  for  the  experiments  on  bellows.  ] 

The  following  example  calculation  is  now  given  for  3 -inch  bellows  JD68  to  illus¬ 
trate  the  method  of  theoretical  determination  of  D.  Boundary  data  have  been  given  in 
Table  J-7.  The  following  results  were  found  from  a  computer  calculation: 

N!  =  5.61732,  Mj  =  -0.492724,  N2  =  -26.7542.  (J-12) 
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From  Equation  (J-8) 

M  =  7T  (1.8208)  (  -0.492724  4  1.8208  (5.61732)]  =  55.67887, 
and  from  Equation  (J-10) 

V  =  71  (-26.7542)  1.8208  =  -153.039564. 

Substitution  of  these  values  of  M.  and  V  into  (J-ll)  gives: 

D  =  55.  687886  -153.039564  - jjpjjyy  =  480.  35908  (J-13) 

where  L  -  0.  100  and  /3  =  0.01.  This  value  of  D  is  listed  in  Table  J-2  along  with  the 
experimental  data.  Although  the  theoretical  value  for  JD68,  D  =  480.4,  is  relatively 
low  compared  to  the  experimental  average,  D  =  586.3,  it  is  close  to  the  experimental 
value  for  JD63  (D  =  470.5).  This  is  an  indication  of  fairly  good  accuracy  of  the  com¬ 
puter  calculations  for  the  bending  stiffness  D. 

Computer  values  for  D  for  the  other  formed  stainless  steel  bellows  are  also  listed 
in  Tables  J-l,  J-3,  J-6,  and  J-9.  These  values  also  agree  fairly  well  with  the 
experimental  data. 

Computer  calculations  were  made  for  the  bending  stiffnesses  of  the  following 
welded  bellows:  3-1/2-inch  stainless  steel  bellows  JN136,  1 -1/2-inch  stainless  steel 
bellows  JN150,  3 -inch  AM350  bellows  JN158,  and  1-1/2  inch  AM350  bellows  JN171. 

The  computer  results  are  shown  in  Table  J-8,  together  with  experimentally  determined 
values . 


Relation  Between  Bending  Stiffness  D 
and  Axial  Spring  Constant  k 


The  experimental  results  were  compared  with  the  prediction  of  the  Seide 
formula^),  This  formula  relates  the  bending  stiffness  D  to  the  axial  spring  constant  k 
as  follows: 


D  =  akR2  Lc  (J-14) 

R0  +  R: 

where  R  is  the  average  bellows  radius,  - ^ - ,  and  the  factor  a  =  0.500.  This  formula 

can  be  shown  to  be  exact  for  a  cylindrical  shell  if  the  rotation  9  is  sufficiently  small, 
i.e.,  v/hen  linear  membrane  theory  is  accurate,  but  its  application  was  questionable  for 
complicated  shells  such  as  bellows. 

Tables  J-9  through  J-14  show  the  results  for  the  factor  a  = - 2 —  for  the  formed 

kR2Lc 

bellows  for  which  k  and  D  have  both  been  determined  experimentally.  Instead  of  the 
factor  X  -  0.  500  as  predicted  in  Reference  (4),  the  range  of  a  found  experimentally  on 
all  the  sizes  of  formed  bellows  tested  was  0. 365  <  (X  <  0.  643,  It  was  concluded  that  the 
factor  x  is  not  directly  proportional  to  the  mean  diameter  of  the  bellows,  but  must  be  a 
more  complicated  function  of  the  geometry  of  the  convolutions. 
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Although  a  varies  appreciably,  it  can  be  found  quite  accurately  from  a  computer 
calculation  for  an  individual  bellows,  as  indicated  in  Tables  J-9,  J-10,  and  J-ll.  For 
example,  in  Table  J-ll,.  the  experimental  range  of  a  for  nine  l-.inch  bellows  was  0.365 
to  0.483.  The  theoretical  value  for  one  bellows  was  0.480. 

The  factor  a  was  also  determined  by  computer  calculation  for  the  four  welded 
bellows  of  Table  J-S.  The  values  of  a  given  in  Table  J-15  range  from  0.457  to  0.699. 
The  value  a  =  0.699  was  the  highest  found  on  any  bellows  formed  or  welded.  Table  J-15 
also  gives  experimentally  determined  values  for  a  for  one  specimen  of  each  type  of 
welded  bellows.  The  reason  for  the  poor  correlation  for  the  small  bellows  was  not 
determined. 


Experimental  Beam-Column  Buckling 


Experiments  were  conducted  on  the  bellows  to  determine  their  susceptibility  to 
beam-column  buckling  under  combinations  of  internal  pressure  and  axial  compression. 
The  fatigue  machine  (see  Appendix  Q)  was  used  for  these  experiments.  In  this  machine 
the  bellows  were  clamped  at  both  ends.  For  the  buckling  experiments  the  machine  was 
not  cycled;  only  static  axial  displacements  were  imposed. 

In  order  to  detect  the  sidewise  beam-column -type  deflection,  the  equipment  illus¬ 
trated  schematically  in  Figure  J~5  was  employed.  Six  contacts  were  positioned  at 
60 -degree  intervals  around  the  circumference.  Each  of  the  six  contacts  was  separately 
wired  in  series  with  a  1. 5 -volt  battery  and  the  bellows.  Whenever  the  bellows  touched 
a  contact  a  bulb  would  light.  The  contacts  were  set  at  the  neutral  position  (pressure 
and  axial  displacement  both  zero)  with  gaps,  6,  of  about  0. 004,  0.0025,  and  0. 002  inch 
for  the  5-,  3-,  and  1 -inch  bellows,  respectively.  These  small  gaps  allowed  for  elastic 
buckling;  upon  removal  of  the  loads  the  bellows  v/ould  return  to  its  original  position  and 
tests  could  be  repeated  at  one  loading  condition  with  the  same  response  occurring  in  the 
bellows.  The  procedure  for  setting  the  gaps  was  to  turn  in  the  adjusting  screws  until 
the  bulbs  lighted  and  then  to  turn  the  screws  out  a  fraction  of  a  turn  after  the  bulbs  went 
out. 


The  equipment  shown  in  Figure  J-5  allowed  for  evaluation  of  the  buckling  strength 
of  bellows  at  a  standard  (preset)  buckling  deflection,  5.  The  procedure  was  to  first 
apply  a  compressive  displacement  A  (inch)  to  the  bellows.  Then  the  internal  pressure 
(psi)  was  slowly  increased  until  either  buckling  was  detected  or  the  maximum  allowable 
pressure  pmax  -  100  psi  was  reached.  The  maximum  compression  applied  was  Amax  = 
0.1  Lc  where  Lc  is  the  total  convolution  length.  These  maximums  pmax  and  Amax 
were  chosen  so  that  the  maximum  combined  bending  strain  (symmetrical  without 
buckling)  did  not  exceed  4000  juin.  /in. 

Representative  buckling  data  are  presented  in  Tables  J-16  through  J-21  for  the 
various  formed  bellows  tested.  All  of  these  bellows  had  been  previously  fatigue  tested. 
The  3 -inch  bellows  JD72,  Table  J-17,  and  three  of  the  1 -inch  bellows  in  Table  J-18  had 
a  large  fatigue  crack  and  did  not  hold  pressure.  Therefore,  buckling  experiments  were 
not  conducted  on  these  bellows.  As  can  be  seen,  some  of  the  bellows  buckled  and  some 
did  not.  Buckling  is  highly  sensitive  to  initial  imperfections,  as  shown  later  in  the 
theoretical  analysis. 

Specimen  JD23,  Table  J-18,  did  not  buckle  in  the  usual  beam-column  mode,  but 
it  did  buckle  in  a  local -shell  mode  as  shown  in  Figure  J-6.  There  was  no  sidewise  beam 
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deflection,  but  only  one  side  of  the  bellows  buckled  and  it  moved  inward.  It  is  possible 
that  higher  modes  of  buckling  occurred  in  some  of  the  other  bellows,  but  if  so  it  was  not 
detected. 

Only  two  out  of  nine  1-inch  single -ply  Inconel  bellows  and  only  two  out  of  eight 
3-inch  single-ply  Inconel  bellows  buckled,  as  indicated  in  Tables  J-19  and  J-20.  The 
Inconel  bellows  on  the  whole  appeared  to  be  less  susceptible  to  buckling  than  the  stain¬ 
less  steel  bellows. 

Double -ply  bellows  also  buckle  but  they  can  withstand  larger  axial  compression, 
up  to  0,360  inch,  before  buckling,  as  is  evident  from  the  data  for  the  3 -inch  double -ply 
bellows  in  Table  J-21.  Three -inch  single -ply  bellows  buckled  at  lower  axial  compres¬ 
sions,  A  g  0.220  inch,  as  reported  in  Table  J-17. 

The  welded  bellows  specimens  were  so  short,  as  evident  in  Table  J-15,  that  they 
were  not  expected  to  buckle  as  a  beam.  However,  a  limited  number  of  experiments 
were  conducted  on  three  of  the  larger  size  welded  bellows,  the  3  and  3-1 /2-inch  sizes. 
Depth  micrometer  readings  on  the  outside  edge  of  the  leaves  from  a  fixed  vertical  were 
used  as  an  indication  of  possible  buckling  of  the  welded  bellows.  The  results  are  shown 
below. 


Nominal 
Specimen  Size,  in. 

JN135  3-1/2 

JN156  3 

JN165  3 


Compression 
(A),  in. 


Pressure 
(p),  psi 


Sidewise  De¬ 
flection  (6e),  in. 


G.  150 
0.  100 
0  to  0. 120 


11  0.0003 

14  '  0.0006 

0  to  40  No  noticeable 
deflection 


Some  amount  of  deflection  did  occur  on  two  of  the  bellows  at  relatively  small  pres 
sures,  11  and  14  psi,  but  at  relatively  large  axial  compressions,  A/Lc  ~  1/3.  The  de¬ 
flections  shown  above  were  relatively  small,  and  the  occurrence  of  buckling  is  open  to 
question.  Part  of  the  deflection  was  due  to  axisymmetric  deformation  and,  therefore, 
the  data  cannot  be  taken  as  proof  of  buckling  until  examined  further,  as  done  in  the 
next  section. 


Because  of  the  greater  flexibility  of  welded  bellows,  buckling  is  expected  to  be 
much  more  critical  for  longer  length  welded  bellows  than  for  the  formed  bellows:  e.  g., 
D  =  58.5  lb-in.^  for  3-inchAM350  welded  bellows,  JN158,  Table  J-8,  but  D  =  586.3 
lb-in.  for  3-inch  stainless  steel  formed  bellows,  Table  J-2. 

Experiments  were  not  conducted  on  1 -inch  double  -ply  bellows .  These  were  also 
believed  to  be  less  susceptible  to  buckling,  as  were  the  3 -inch  double -ply  bellows. 

This  belief  was  supported  by  beam-column  theory  which  predicted  a  buckling  load  pro¬ 
portional  to  the  beam  bending  stiffness  D. 


Theoretical  Beam-Column  Buckling 
of  Bellows 


A  theoretical  analysis  of  the  elastic  buckling  of  bellows  was  conducted.  The 
analysis  was  approximate;  each  bellows  was  approximated  as  a  beam  column  with  initial 
imperfections.  The  buckling  strength  of  a  beam  column  is  proportional  to  its  lateral 
bending  stiffness  D,  lb-in.  and  is  inversely  proportional  to  its  length  squared  (L^), 
in. 
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Efforts  were  concentrated  on  the  theoretical  analysis  of  the  buckling  of  clamped 
bellows  under  internal  pressure  (p,  psi)  and  axial  compression  (A,  in. ).  It  was  found 
that  the  beam -column  approximation  results  in  a  close  prediction  of  the  magnitude  of  p 
and  A  that  cause  buckling  of  bellows  if  initial  imperfections  are  included  in  the  analysis 


Buckling  of  Perfect  Bellows.  Beam-column  theory  was  employed  to  determine 
the  theoretical  buckling  strength  of  bellows;  For  a  perfectly  straight  beam  with  clamped 
ends  and  axially  loaded  with  zero  eccentricity,  the  Euler  critical  load  (compressive)  at 
which  buckling  occurs  is: 


cr 


47T^D 

l? 


( J- 15) 


For  a  bellows  the  equivalent  axial  load  Pcr  is  a  combination  of  internal  pressure  forces 
and  a  compression  force,  i.  e. , 


P 


cr 


=  pcr(A  +  kp)  +  kAcr 


( J- 16) 


where 


A  =  mean  cross-sectional  area  =  7tR^  (in.^) 
pcr  =  critical  value  of  internal  pressure  (psi),  in  combination  with  Acr 

kppcr  =  compressive  load  buildup  at  end  of  clamped  bellows  (lb),  resulting  from 
internal  pressure  acting  on  the  area  (depth)  of  the  convolutions 

Acr  =  critical  value  of  axial  compression  (in.  ),  in  combination  with  pcr 

k  =  axial  spring  constant  (lb/in,  ), 

For  perfectly  straight  bellows  (bellows  having  perfectly  straight  axial  alignment) 
the  equality  of  Equations  (J-15)  and  ( J- 1 6)  gave  the  critical  pressures,  pcr,  tabulated 
in  Table  J-22  for  the  test  bellows  for  compressions  of  Acr  =  0.  1  Lc  (L  =  Lc  in  (J-15)). 
As  seen  in  Table  J-22,  the  critical  internal  pressure  causing  beam-column  collapse  of 
''perfectly"  straight -formed  bellows  were  fairly  high,  in  the  range  of  300  to  500  psi  for 
single -ply  bellows  and  about  twice  as  much  for  double -ply  bellows.  Similar  data  are 
presented  in  Table  J-23  for  the  welded  test  bellows.  The  first  length  Lc  corresponds  to 
the  length  of  the  specimens  tested,  Table  J-15.  Because  these  lengths  were  so  short, 
they  did  not  give  a  realistic  indication  of  expected  buckling  pressures.  Therefore, 
lengths  equal  to  one -half  the  nominal  diameter  and  equal  to  the  nominal  diameter  were 
also  considered.  The  great  reduction  in  critical  buckling  pressure  with  increased 
length  is  evident. 

The  pressure  coefficients  kp  in  Table  J-23  (defined  in  Equation  (J-16))  are  nega¬ 
tive  for  the  welded  bellows.  This  is  favorable  because  it  tends  to  increase  the  critical 
buckling  pressure.  A  negative  kp  corresponds  to  a  tensile  end  load  at  the  end  of  the 
bellows  from  internal  pressure  acting  on  the  leaves  which  were  clamped  at  the  outside 
diameter  in  the  specimens  analyzed  in  this  program. 

A  comparison  of  Tables  J-22  and  J-23  shows  that  the  3-  and  3-1/2-inch  welded 
bellows  had  an  appreciably  lower  critical  buckling  pressure  than  did  the  3 -inch  formed 
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bellows.  Sven  for  a  shorter  length,  welded  bellows,  Lc  =  1,500  in.  for  the  3 -inch 
bellows  in  Table  J-23,  the  pressure  was  lower,  pcr  =  143  psi  as  compared  to  400  and 
481  psi  for  the  3-inch  Inconel  and  3 -inch  stainless  steel  formed  bellows,  respectively. 

In  Tables  J-24  and  J-25  the  individual  load  terms,  pcrA,  pcl.kp,  and  kAcr,  of 
Equation  (J-16)  are  listed  for  comparison  with  the  total  load,  Pcr,  for  Acr  =  0.  1  Lr. 

It  was  found  that  the  axial  compression  kAcr  contributes  only  about  1  to  2  percent  of 
the  total  critical  load,  Pcr.  Thus,  buckling  of  perfect  bellows  as  a  beam  column  is 
caused  primarily  by  the  internal  pressure  loading.  The  pressure -load  term,  pcrA,  is 
most  important,  but  the  pressure-load  term,  Pcr.kp,  should  not  be  neglected  for  it  does 
represent  10  to  25  percent  of  the  total  buckling  load.  This  is  a  significant  result,  and 
when  related  to  the  different  sign  of  k,p  for  welded  bellows  clamped  at  the  outer  diameter, 
than  for  formed  bellows  clamped  at  the  minimum  diameter,  leads  to  the  following  con¬ 
clusion:  clamping  of  bellows  at  their  outer  diameter  gives  a  significant  increase  in 
their  critical  buckling  pressures. 


Buckling  of  Imperfect  Bellows.  Although  internal  critical  buckling  pressures  were 
predicted  to  be  300  to  500  psi  (for  single -ply  formed  bellows),  much  lower  pressures, 
below  100  psi,  were  found  to  cause  buckling  in  the  experiments.  This  reduction  in  the 
buckling  strength  was  caused  by  initial  imperfections  of  the  bellows.  The  kinds  of  im¬ 
perfections  measured  on  the  bellows  are  shown  in  Figure  J-7.  The  eccentricity  (e)  in 
Figure  J-7a  is  really  part  of  the  maximum  central  deviation  (a)  in  Figure  J-7b.  In  a 
clamped  bellows  the  eccentricity  doe  not  add  an  end  moment  as  it  does  in  a  pinned-end 
column.  Thus,  the  important  imperfections  of  clamped  bellows  are  the  total  maximum 
central  deviation  (a),  which  includes  eccentricity  (e),  and  die  slant  offset  (s).  These 
quantities  are  tabulated  in  Table  J-26  for  some  formed  bellows  and  in  Table  J-27  for 
some  welded  bellows.  The  quantities  (a)  and  (e)  were  measured  in  the  plane  corre¬ 
sponding  to  the  direction  of  observed  buckling. 

The  imperfection  (a)  is  represented  by  either  of  the  following  two  sine  functions: 

yQ(x)  =  aj  sin  a,x,  with  aj  =  (a),  ft]  =  — ,  ( J- 17) 

Jjc. 

or 


yQ(x)  =  aj  sin  ctjX  +  a^  sin  (X3X, 


( J— 18) 


,  .  7T  „  37T  ..  -1 

al  "a3  =  la'>  =  >  a3  =  jJ-  an“  al  =  ~  a3 

The  differential  equation  to  be  solved  is  the  following: ^ 

d4y  ?  d2y 

— L  +  0^ — -  = -  ,  { J- 1 9) 

dx4  dx2  dx4 

„  pA  +  pkp  +kA  .  Da^  _ 

where  a ^  = - =- - .  [The  solution  ( J— 15):  P  =  — ~,  with  =  47^,  is  for 

u  l  2 

y0  =  0.  ]  The  solutions  of  Equation  (J-19)  for  clamped  bellows  for  imperfections  (J-17 
and  J  - 1 8)  are  plotted  in  Figure  J-8  where  '  is  the  sidewise  beam-column  deflection  at 
midlength  (at  x  =  L/2)  and 
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(J-20) 


ft*  =  -jj  [kA  +  p(kp  +  A)]  . 

(The  curves  in  Figure  J-8  are  asymptotic  to  a*  =  4-n^ . )  In  the  buckling  experiments  6e 
was  preset  as  a  gap,  as  shown  in  Figure  J~5.  In  order  to  correlate  theoretical  and 
experimental  results,  it  was  necessary  to  determine  how  much  of  the  experimental 
deflection  *e  (of  Figure  J-5)  was  due  to  sidewise  beam-column  buckling  (6  of  Figure 
J-8),  how  much  was  due  to  the  slant  (s)  (Figure  J-7),  and  how  much  was  due  to  local 
axisymmetric  shell  deformation.  The  slant  causes  a  sidewise  deflection  6S  when  the 
bellows  is  subject  to  compression  A  which  can  be  calculated  as  follows: 

=  —  A  sin  a  ,  (J-21) 

»  2 

s 

where  sin  a  «  a  «- —  .  This  deflection  is  shown  in  Figure  J-9. 

Lc 

The  compression  A  also  causes  a  local  shell  deflection  of  the  crown  of  the  con¬ 
volutions  which  can  be  determined  from  axisymmetric  shell  computer -code  calculations, 
i.e., 


6n  =  w  - —  for  formed  bellows,  (J-22) 

C  Lc 

6C  =  u^  for  welded  bellows. 

(This  is  a  uniform  expansion  of  the  crown  around  the  circumference. ) 

In  addition,  there  is  a  uniform  deflection  (5p)  due  to  axisymmetric  deformation 
under  internal  pressure,  which  can  also  be  determined  from  shell  computer -code  calcu¬ 
lations.  It  was  found  that  the  deflection  (6p)  is  negligible  compared  to  (6C)  for  the 
formed  bellows,  but  (5  )  is  included  in  the  calculation  for  the  welded  bellows.  The  w 
and  u^  of  F.quation  (J-22)  are  tabulated  in  Tables  J-28  and  J-29  for  the  bellows  con¬ 
sidered.  Also  included  in  Table  J-29  are  the  deflections  (5p)  for  the  welded  bellows. 
Thus,  the  actual  sidewise  deflection  <5  caused  by  beam-column  buckling  is 

5  =  6e  -  6S  -  Sc  -  Sp  .  (J-23) 

Equation  (J-23)  was  used  to  correlate  experimental  buckling  data  for  Se  with 
theoretical  beam-column  predictions  for  5.  For  example,  consider  the  case  of  5 -inch 
bellows  JD95,  the  imperfection  of  which  is  plotted  in  Figure  J-10  and  represented 
(approximately)  by 


7T 

yQ(x)  =  aj  sin  Ctjx  =  0. 0177  sin  ^  Q53~  x 


(J-24) 


For  A  =  0.2  inch  the  following  are  determined: 


^4f(0-z)^  )  (0. 2)  =  0.  00068, 


2  '4.053 


J-10 


0.0210 

4.053 


(0.2)  =  0,001036, 


6  =  0.004  -  0.00068  -  0.001036  =  0.00228, 


6  0.00228 
a  =  0.0177 


0. 178, 


a*  =  6.8  from  Figure  J-8, 

and  p  =  46.7  psi  from  Equation  (Jt20). 

The  experimental  pressure  causing  buckling  (with  6e  =  0.004)  at  A  =0.2  in.  was 
p  =  72  psi.  This  indicates  that  the  beam-column  theory  enables  a  very  good  approxima¬ 
tion  (conservative)  to  the  buckling  of  bellows  with  imperfections  of  the  form  yQ  = 
sin  a^x,  i.e. ,  relative  to  pcr  =  380  psi  for  a  "perfectly  straight"  5-inch  bellows 
(Table  J-22),  the  theory  predicts  the  correct  order  of  magnitude  of  buckling  pressure 
for  an  imperfect  5-inch  bellows. 

Further  comparisons  of  theory  and  experiment  are  shown  in  Figures  J-ll  to  J-18 
for  1-,  3-,  and  5 -inch  formed  bellows ,  Generally,  there  is  good  agreement.  (Each 
experimental  data  point  is  the  average  of  three  tests  at  one  loading  condition.  The 
response  was  usually  identical  for  the  three  tests.  )  The  theory  is  most  often  conserva¬ 
tive  for  small  compression  A.  For  larger  compression  A,  there  appear  to  be  other 
modes  of  buckling  that  occur,  as  indicated  by  the  experimental  results.  These  modes 
would  be  affected  by  higher  order  imperfections.  Some  ox  these  modes  are  believed  to 
be  higher  order  elastic -shell  modes  involving  local  dimples  superimposed  on  the  beam- 
column  mode.  (Reference,  experimental  result  on  bellows  JD23,  Figure  J-6).  Analysis 
of  the  higher  order  buckling  is  very  complicated  and  was  beyond  the  scope  of  the  present 
program.  However,  the  shell  analysis  of  buckling  of  bellows  under  large  compression 
(A  >  0.05  Lc)  appears  to  be  critical  and  is,  therefore,  recommended  as  a  future 
investigation. 

Experimental  data  were  presented  on  page  J-7  for  v/elded  bellows  under  axial 
compression  and  internal  pressure.  It  is  now  shown  that  these  data  do  not  represent 
buckling,  but  primarily  axisymmetric  deformation.  Calculation  of  (<5S),  (6C),  and  (6p) 
and  substitution  into  Equation  (J-23)  gives  the  following  predicted  sidewise 
deflections  (6): 


for  Specimen  JN135, 

6  =  0.0003  -  0.00036  +  0.000086  +  0.000036  =  0.000062, 
and  for  Specimen  JN156, 

6  =  0.0006  -  0.000415  -  0.000087  -  0.000124  =  -0.000026, 


These  net  deflections,  less  than  0.0001  inch,  are  smaller  than  the  accuracy  of  microm¬ 
eter  readings.  Therefore,  it  was  concluded  that  beam-column  buckling  of  these  very 
short  welded  bellows  did  not  occur,  but  that  the  measured  deflections  represented 
primarily  axisymmetric  deformation. 
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The  nominal  stresses  (in  the  absence  of  buckling)  for  compressions  of  - —  »  0.  i 

^c 

in  formed  bellows  are  predicted  to  be  in  the  plastic  range,  e.g.,  for  5-inch  bellows 
JD92  the  meridional  stress  at  the  surface  of  the  inner  convolution  calculated  from  the 
elastic  analysis  is 


ff<*  =  768,  500  —  =  76,  350  psi  for  A-  =  0.  1  . 

hic  Lic 

This  is  about  twice  the  yield  stress  of  40,  000  psi  for  annealed  347  stainless  steel  sheet 
material  and  also  exceeds  the  yield  stress  of  65,  000  psi  for  this  material  in  the  cold- 

A_ 

drawn  condition"1'.  The  elastic  limit  is  reached  for  — —  =  0.0520  for  JD92.  Therefore, 

^c 

a  theoretical  stress  analysis  for  compressions  of- —  >  0.05  should  involve  elastic- 

h-c  " 

plastic  constitutive  laws  for  the  material.  (Strain-hardening  during  fatigue  testing  may 
have  also  increased  the  yield  strength.  )  This  may  account  for  the  agreement  with 
elastic  theory  in  Figures  J-17  and  J-18  for  large  A.  The  more  critical  modes  of 
buckling  for  large  A  in  Figures  J-ll,  J-12,  J-15,  J-17,  and  J-18  may  have  been  caused 
by  a  reduced  bending  stiffness  D  for  the  bellows  material  in  the  elastic -plastic  state. 

Thus,  there  appear  to  be  two  possible  reasons  for  the  low  buckling  pressures  at 
large  compression: 

(1)  Higher  order  shell  modes  of  elastic  buckling  superimposed  on  the 
beam-column  mode 

(2)  Elastic -plastic  buckling. 

It  is  highly  recommended  that  an  extensive  theoretical  analysis  be  made  of  these  two 
possible  kinds  of  buckling  of  bellows. 


Analysis  of  Plastic  Collapse  of  Bellows 


The  plastic  collapse  of  a  bellows  results  in  gross  permanent  deformation  of  the 
bellows  which  makes  it  unfit  for  further  use.  At  the  limit  load  at  which  collapse  occurs, 
a  sufficiently  large  region  cf  the  bellows  convolutions  becomes  wholly  plastic  through 
the  thickness  that  adjacent  elastic  or  elastic -plastic  regions  of  the  convolutions  no 
longer  restrain  the  plastic  region.  Whereas  initial  buckling  deflections  can  be  analyzed 
using  elasticity  theory,  the  terminal  collapse  state  necessitates  the  use  of  the  plasticity 
theory.  Only  the  axisymm^tric  plastic  collapse  (burst)  under  internal  pressure  was 
considered  in  this  program.  (Nonsymmetric  plastic  collapse  can  also  occur.  For 
example,  if  the  elastic  beam-column  buckling  loads  are  exceeded,  a  state  of  permanent 
squirm  deformation  results.  ) 


The  bellowa  ma)  b«_  ui  the  cold -drawn  condition  after  forming.  The  exact  amount  of  cold  work  of  the  bellows  during  forming 
is  unknown. 
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Experimental  Analysis 


Experiments  were  initially  conducted  on  the  plastic  collapse  of  5 -inch  formed 
bellows  JD96  and  JD90  under  internal  pressure.  It  was  found  that  these  bellows  col¬ 
lapsed  at  internal  pressures  of  about  260  and  270  psi,  respectively,  when  they  were 
restrained  from  beam-column  buckling.  These  pressures  were  much  larger  than  the 
elastic  buckling  pressures  (<100  psi)  shown  in  Figures  J-17  and  J-18,  and  thus  beam- 
column  buckling  v/as  found  to  be  the  more  critical  mode  of  failure. 

The  fixture  constructed  for  the  internal -pressure  tests  is  shown  in  Figure  J-19. 

To  find  the  axisymmetric  plastic -collapse  mode  for  a  straight  bellows,  modifications 
had  to  be  made  in  the  fixture  to  prevent  the  bellows  from  buckling  in  the  beam -column 
mode.  The  imperfect  bellows  (imperfect  either  from  manufacture  or  from  prior  fatigue 
testing)  were  restrained  from  sidewise  motion  by  six  restraints  spaced  equally  around 
the  circumference  as  shown  in  Figure  J-19.  The  restraints  were  positioned  with  initial 
gaps  of  about  0.002  inch  to  allow  the  bellows  to  expand  uniformly  from  the  internal 
pressure.  Two  of  these  restraints  are  also  shown  in  Figure  J-20,  which  is  a  photograph 
of  Bellows  JD96  at  250  psi. 

During  the  experiments,  the  thickness  of  the  7th  convolution  (from  the  bottom)  and 
the  diameter  change  of  this  convolution  were  measured.  The  measured  data  are  plotted 
in  Figures  J-21,  J-22,  J-23,  and  J-24.  As  is  evident  in  these  figures,  the  deformation 
increased  fairly  linearly  until  the  pressure  exceeded  250  psi,  when  the  deformation 
rapidly  increased.  A  surprising  result  was  found:  the  diameter  of  the  crown  of  the 
convolutions  decreased  at  the  plastic -collapse  pressure,  as  shown  in  Figures  J-22  and 
J-24,  whereas  it  was  increasing  at  smaller  pressures. 

Photographs  were  made  of  the  7th  convolution  during  the  experiments  and 
magnified.  Tracings  of  the  magnified  positives  are  shown  in  Figure  J-25  for  Bellows 
JD96.  As  indicated,  the  convolution  expanded  outward  prior  to  collapse,  but  then  the 
crown  moved  in  and  the  convolution  grew  wider  at  collapse.  In  Figure  J-26,  the  270- 
psi  deformation  curve  is  translated  vertically  so  that  the  roots  coincide.  It  can  be  seen 
that  the  root  area  of  the  convolution  remained  relatively  rigid  while  the  flat  and  crown 
areas  plastically  deformed. 

The  restraints  were  removed  from  Bellows  JD96  at  270  psi.  It  momentarily 
remained  straight,  but  then  snapped  sidewise.  Figure  J-27  shows  the  permanent  de¬ 
formation  after  release  of  pressure.  The  restraints  were  kept  on  Bellows  JD90  and  the 
pressure  was  released  from  280  psi.  Figure  J-28  shows  its  deformation.  As  shown, 
the  deformation  of  the  convolution  contains  a  cos  29  (or  sin  29  Fourier  variation)  around 
the  circumference.  Bellows  JD96  also  appeared  the  same  way  before  removal  of  the 
restraints.  This  circumferential  variation  can  be  explained  in  this  manner:  consider 
the  crown  of  the  convolution  as  a  curved  beam  under  a  compressive  force  (corresponding 
to  the  decrease  in  diameter  in  Figure  J-24),  then  the  circumferential  variation,  exhibit¬ 
ing  an  axial  movement,  is  the  result  of  a  plastic  buckling  of  the  curved  beam  (analogous 
to  Euler  column  buckling). 

Internal  pressure  experiments  were  also  conducted  on  3 -inch  Inconel  formed 
bellows  JD125,  and  on  1 -inch  Inconel  formed  bellows  JDill,  Because  of  a  smaller 
diameter -to -thickness  ratio  for  these  bellows  than  for  the  5 -inch  bellows,  and  because 
of  the  greater  yield  strength  of  Inconel  718,  collapse  pressures  in  excess  of  300  psi 
were  expected.  Internal  pressures  up  to  300  psi  in  the  3 -inch  bellows  and  up  to  750  psi 
in  the  1 -inch  bellows  did  not  cause  any  observable  plastic  deformation. 
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Because  the  plastic -collapse  pressures  were  so  much  higher  than  the  elastic 
heam-column  buckling  pressures,  further  experiments  were  not  considered  warranted 
under  the  present  program. 


■Approximate  Theoretical  Analysis 


The  elastic  solution  for  stresses  in  shells  can  be  used  to  obtain  a  lower  bound  on 
the  collapse  pressure.  This  method  has  been  employed  by  Marcal  and  Turner(5)  to 
obtain  limit  pressures  for  bellows.  As  a  first  approximation  this  method  is  also 
employed  here. 

Examination  of  the  computer  results  for  the  elastic  solution  for  5-inch  bellows 
JD92  under  internal  pressure  shov/s  that  the  maximum  stresses  occur  at  the  roots  of 
the  convolutions.  This  stress  is  predominantly  a  bending  stress  corresponding  to  a 
bending  moment  of 


M^  =  0.008624  p,  in.  -lb/in.  at  the  root. 
The  plastic -collapse  bending  moment  M0  in  a  shell  is 


where  aQ  =  yield  stress  in  tension,  psi 
h  =  shell  thickness,  in. 


(J-25) 


(J-26) 


Equating  (J-25)  and  (J-26)  the  following  lower  bound  is  obtained: 


Pc  £ 


gph2 

4(M$/p) 


(J-27) 


This  equation  gives  the  collapse  pressure  for  a  predominately  bending-type  collapse 
(Method  I). 


For  aQ  =  40,  000  psi  (yield  strength  of  347  annealed  stainless  steel  sheet  material) 
and  h  =  0.010  in.  (nominal  thickness  of  5 -inch  bellows),  the  following  lower  bound  to 
the  collapse  pressure  pc  is  calculated  from  Equation  (J-27): 


^  40,  000  (0.0001) 
pc  =  4(0.008624) 


1 16  psi. 


This  is  not  a  very  good  lower  bound  relation  to  the  experimentally  observed  collapse 
pressure  of  250  to  270  psi  in  Figures  J-21  to  J-24.  Even  if  account  is  made  of  strain 
hardening  due  to  forming  and  fatigue  test  cycling  at  the  root,  it  does  not  appear  that  this 
accounts  for  the  larger  observed  collapse  pressure  -  particularly  since  the  root  area 
was  also  observed  to  remain  relatively  rigid  at  collapse  as  previously  shown  in 
Figure  J-26. 

Thus,  use  of  the  elastic  solution  to  predict  lower  bounds  based  upon  the  maximum 
elastic  stress  is  not  sufficiently  accurate.  Marcal  and  Turner^,  however,  had  much 
better  success.  The  reason  for  this  is  believed  to  be  due  to  two  different  kinds  of 
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plastic  collapse  which  are  related  to  two  different  ranges  of  diameter -to -thickness 
ratios.  The  diameter-to-thickness  ratio  for  the  5-inch  bellows  is  d/h  =  5.0/0,010  =  500, 
whereas  the  ratio  for  the  bellows  tested  in  Reference  (4)  ranged  from  8.2  to  23.4.  It  is 
believed  that  a  membrane  stress  state  predominates  at  plastic  collapse  of  the  thin- 
walled  bellows  (d/h  ~  500),  and  that  a  bending- stress  state  predominates  at  plastic  col¬ 
lapse  of  thick -walled  bellows  (d/h  ~  10). 

Accordingly,  if  the  above  reasoning  is  correct,  then  the  maximum  membrane 
stress  calculated  elastically  may  result  in  a  better  prediction  of  the  collapse  pressure. 
The  membrane  stress  resultants  N^and  Ng  from  ths  elastic  computer  solution  are  taken 
at  the  inflection  point  where  the  bending  moment  M^  ~  0.  For  5 -inch  bellows  JD92 
these  are 


=  -0.0259  p,  N0  =  1.253  p  .  (J-28) 

In  order  to  use  the  Tresca  yield  criterion,  the  difference  is  taken, 


Ne  -  =  1.279  p 


( J-29) 


Equating  this  result  to  the  yield  value, 


N0  =  0oh  ,  (J-30) 

for  0o  -  40,  000  psi  and  h  =  0.010  inch,  the  following  result  is  obtained: 

°oh  40,000(0.010)  . 

Pc~[(Ne-N0)/p]  =  1.279  =  313  psi. 

This  result  is  quite  close  to  the  experimental  values  of  260  to  270  psi  shown  in  Figures 
J-21  to  J-24.  It  is  believed  that  this  is  as  close  an  approximation  as  can  be  made 
without  conducting  a  complete  detailed  theoretical  plastic  analysis. 

In  other  thin-walled  bellows,  N@  rather  than  Ny  -  may  be  maximum.  There¬ 
fore,  according  to  the  Tresca  yield  criterion,  for  the  membrane  type  of  collapse 
(Method  II)  the  collapse  pressures  are: 


and 


Cch 

Pcr  *  (N0/p) 


for  >  N@  - 


(J-31) 


aoh 


cr  *  (  (Na  -  N^/p]  »  f°r  "  N<*>  >  N0 


(J-32) 


where  Ny  and  are  values  from  an  elastic  computer  calculation.  Formulas  (J-31)  and 
(J-32)  and  also  formula  (J-27)  were  used  to  predict  collapse  pressures  for  1-  and  3 -inch 
stainless  steel  bellows.  The  results  are  given  in  Table  J-30.  Collapse  pressures  in 
excess  of  400  psi  were  predicted  for  the  1-  and  3 -inch  stainless  steel  bellows  by 
Method  II,  for  the  membrane  type  of  collapse.  The  Inconel  bellows  were  predicted  to 
have  higher  collapse  pressures  because  of  higher  yield  strengths.  Inconel  bellows 
JD 111  (1-inch)  was  tested  to  750  psi  without  collapse. 
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Summary 


In  summary,  the  significance  of  the  results  of  this  section  are  related  to  design 
analysis.  It  has  been  found  that  the  plastic -collapse  pressure  of  bellows  can  be  esti¬ 
mated  approximately  by  either  of  two  methods,  depending  on  the  diameter -to -thickness 
ratio  d/h.  These  methods,  I  and  II,  Equations  (J-27),  and  (J-31,  32),  apply  for  the 
predominantly  bending  and  the  predominantly  membrane  type  of  deformation,  respec¬ 
tively,  and  appear  to  be  valid  for  d/h  a  10  to  20,  and  d/h  «  200  to  500,  respectively. 
Bellows  with  20  —  d/h  —  200  are  in  the  intermediate  range  where  estimation  is  difficult. 
It  is  recommended  that  both  methods  be  applied  here  to  bracket  the  collapse  pressure. 
However,  for  a  more  accurate  plastic-collapse  analysis  of  any  bellows,  Battelle  has 
computer  codes  which  can  be  applied.  This  is  recommended. 
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TABLE  J-l.  EXPERIMENTAL  DETERMINATION  OF  LATERAL  BENDING  STIFFNESS 
D  FOR  5-INCH  SINGLE-PLY  STAINLESS  STEEL  BELLOWS 


Specimen 

Slope  of 
Force-Rotation 
Curve,  S, 

lb/degree ^a' 

Total 

Convolution 
Length,  L  , 

in  <b>  C 

in. 

Bending 

Stiffness, 

lb-in.2 

JDJO 

1.44 

4.153 

4412 

JD93 

1.36 

3.907 

3883 

JB94 

1-55 

4.110 

4692 

JD95 

1-33 

4.053 

3962 

JD96 

1.33 

4.140 

4o6o 

JD97 

1.31 

4.111 

3997 

JD98 

1.28 

4.115 

3880 

Average  4124 


Theoretical  bending  stiffness  from  computer 

calculation  on  JD92  x  4507 


(a)  Average  of  experimental  data  as  shown  in  Figure  J-2. 

(b)  L  =  average  bellows  length  +  average  pitch. 

(c)  T^e  length  L  in  Figure  J-l  is  10.80  in.  D  calculated  with 
formula  (J-l). 


TABLE  J-2.  EXPERIMENTAL  DETERMINATION  OF  LATERAL  BENDING  STIFFNESS 
D  FCR  3-INCH  SINGLE-PLY  STAINLESS  STEEL  BELLOWS 


Specimen 

Slope  of 
Force-Rotation 
Curve,  S, 

lb/degree^ 

Total 

Convolut ion 

Length,  L  ,  St 

.  (b)  C 

m. 

Bending  /  \ 
iffness,  D'  , 

lb-m. 

JD62 

0.439 

2.120 

625.5 

JD63 

0.348 

2.023 

470.5 

JD64 

O.4o4 

2.070 

55^.7 

JD 66 

0.421 

2.153 

610.8 

JD67 

0.389 

2.096 

547.6 

JD70 

0.437 

2.098 

615.6 

JD71 

0.410 

2.128 

586.6 

JD72 

0.465 

2.168 

679.  ^ 

Average 

586.3 

Theoretical 

bending  stiffness 

from  computer 

calculation  on  JD68 

480.4 

(a)  average  of  experimental  data  as  shown  in  Figure  J-2. 

(b)  L  =  average  bellows  length  +  average  pitch. 

(c)  The  lengtn  L  in  Figure  J-l  is  10.68  in.  D  calculated  with 
formula  (J-l). 
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TABLE  J-3.  EXPERIMENTAL  DETERMINATION  OF  LATERAL  BENDING  STIFFNESS 
D  FOR  1-INCH  SINGLE-ELY  STAINLESS  STEEL  BELLOWS 


Specimen 

Slope  of 
Force-Rotation 
Curve,  S, 

lb/degree^ 

Total 

Convolut ion 

Length,  L  . 

•  (b)  C 

m.  ' 

Bending  ,  % 

Stiffness,  D^c;, 

.  2 
Ib-xn. 

JD23 

0.0330 

0.979 

12.2 

JD25 

0.0290 

1-059 

11.6 

JD26 

0.0285 

1.056 

11.4 

JB27 

0.0330 

1.077 

13.5 

JD30 

0.0360 

1.033 

14.1 

JD31 

0.0349 

0.965 

12.7 

JD32 

0.0250 

1.057 

10.0 

JD33 

0.0275 

1.039 

10.9 

JD34 

0.0321 

1.104 

13.5 

Average 

12.2 

Theoretical  b 

ending  stiffness 

from  computer 

calculation 

on  JD29 

13-8 

(a)  Average  of  experimental  data  similar  to  that  shown  in  Figure  J-2. 

(b)  Lc  =  average  bellows  length  +  average  pitch. 

(c)  D  calculated  with  L  =  6.103  in.  in  Formula  (J-l) 


TABLE  J-4.  EXPERIMENTAL  DETERMINATI ON  OF  LATERAL  BENDING  STIFFNESS 
D  FOR  1-INCH  SINGLE-PLY  INCONEL  BELLOWS 


Snecimen 

Slope  of 
Force-Rotation 
Curve,  S, 

lb/degree ^ 

Total 

Convolution 
Length,  L  . 

i».0=> 

Bending  /  \ 
Stiffness,  Dlc' 

lb-in. ^ 

JD107 

0.0320 

1.217 

15.0 

JD109 

0.0310 

1.229 

14.7 

JD111 

0.0365 

1.211 

17.0 

JD112 

0.0320 

1.201 

14.7 

JD113 

0.0315 

1.244 

15-1 

JD114 

0.0325 

1.252 

15.7 

JD115 

0.0331 

1.243 

15.8 

JD116 

0.0315 

1.195 

14.4 

JD118 

0.0345 

1.237 

16.4 

Average 

15.4 

(a)  Average  of  experimental  data  similar  to  that  shown  in 
Figure  J-2. 

(b)  L  =  average  bellows  length  +  average  pitch. 

(c)  D  calculated  with  L  -  6.103  in.  in  Formula  (J-l). 
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TABLE  J-5 .  EXPERIMENTAL  DETERMINATION  OF  LATERAL  BENDING 

STIFFNESS  D  FOR  3-INCH  SINGLE-FLY  INCONEL  BELLOWS 


Specimen 


Slope  of 
Force -Rotation 
Curve.  S. 

Ib/dsgree^ 


Total 

Convolution 
Length,  L 
(b)  ° 


in. 


Bending  .  » 

Stiffness,  D'  , 

.  2 
lb-m. 


JD119 

0.321 

2.037 

438.2 

JD120 

0.292 

2.034 

397-4 

JD121 

0.300 

2.055 

413.8 

JD123 

0.300 

2.099 

423-4 

JD125 

0.308 

2.042 

422.3 

JD126 

0.296 

2.084 

414.4 

JD127 

0.272 

2.072 

377-9 

JD129 

0.300 

2.082 

419-7 

Average  4l3 .4 


(a)  Average  of  experimental  data  similar  to  that  shown  in 
Figure  J-2. 

(b)  L  =  average  bellows  length  +  average  pitch. 

(c)  Dcalculated  with  L  =  10.68  inches  in  Formula  (J-l). 


TABLE  J-6.  EXPERIMENTAL  DETERMINATION  OF  LATERAL  BENDING  STIFFNESS 
D  FOR  3-INCH  DOUBLE-PLY  STAIRLESS  STEEL  BELLOWS 


Slope  of 
Force-Rotation 
Curve,  S, 

Specimen  lb/degree ^ 


Total 

Convolut ion 

Length,  L  . 

■  (b) 

m. 


Bending  /  \ 
Stiffness,  D'  , 

-n  •  2 

lb-m. 


JD74 

0.669 

2.139 

962.7 

JD75 

0.713 

2.121 

1016.4 

JD76 

O.671 

2.141 

966.8 

JD79 

0.758 

2.207 

1130.1 

JD80 

O.625 

2.163 

911.1 

JDSl 

0.688 

2.134 

987.4 

JD82 

0.733 

2.148 

1060.6 

JD83 

0.721 

2.111 

1023.3 

Average  1007.3 
Theoretical  value ^  Dg  -  960.8 


(a)  Average  of  experimental  data  similar  to  that  shown  in  Figure  <T-2. 

(b)  L  =  average  bellows  length  +  average  pitch. 

(c)  Dccalculated  with  L  =  10.68  in.  in  Formula  (J-l). 

(d)  Dg  =  2Di  where  D>.  is  the  theoretical  value  for  a  single-ply 
bellows  and  D2  =  estimated  value  for  a  double-ply  bellows. 

Dj_  -  480.4  lb-in. 2  from  computer  calculation  on  JD68. 
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TABLE  J-7.  INPUT  DATA  CARDS  FOR  CALCULATION  OF  THE  BEAM  BENDING  STIFFNESS  OF  3-INCH  BELLCWS  JD68 
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TABLE  J-8.  THEORETICAL  DETERMINATION  OF  LATERAL  BENDING  STIFFNESS  D  FOR 
WELDED  BELLOWS 


Specimen 

Nominal 
Size,  in. 

Material 

Bending 

Stiffness 

D,  lb-in. ^ 

Experimental ' a  ^ 
Values  for  D, 
lb-5  n. 2 

JD136 

3-1/2 

3U7  stainless  steel 

37-9046 

44.5 

JDI50 

1-1/2 

347  stainless  steel 

9.4382 

6.80 

JDI58 

3 

AM350 

58.^983 

63.5 

JD1T1 

1-1/2 

AM350 

12.8310 

8.02 

respectively. 


TABLE  J-9,  EXPERIMENTAL  RELATION  BETWEEN  BENDING  STIFFNESS  D  AND 
AXIAL  SPRING  CONSTANT  k  FOR  5 -INCH  SINGLE-PLY  STAINLESS 
STEEL  BELLOWS 


Axial  Spring 

Average  Bellows 

» 

Constant,  k. 

Radius,  R,  0/  Factor,  — - - 

Specimen 

lb-in. 

in. 

kR  L 

c 

JD90 

310 

2.673 

0.479 

JD93 

287 

2.672 

0.484 

JD94 

297 

2.672 

0.538 

JD95 

301 

2.673 

0.454 

JD96 

305 

2.672 

0.450 

JD97 

300 

2.674 

0.452 

JD98 

300 

2.673 

0.439 

Average 

0.471 

Theoretical  factor  fran  computer  calculation 

0.536 

(a)  Bending  stiffness  D  and  convolution  length  Lc  given  in  Table  J-l. 

(b)  Theoretical  result  using  calculated  D  of  U507  and  k  of  325  for 
bellows  JD92. 
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TABLE  J-10.  EXPERIMENTAL  RELATION  BETWEEN  BENDING  STIFFNESS  D 
AND  AXIAL  SPRING  CONSTANT  k  FOR  3-INCH  SINGLE- FLY 
STAINLESS  STEEL  BELLOWS 


Axial  Spring  Average  Bellows  a) 

Constant,  k,  Radius,  R,  a  Factor,  — r - 

T 


Specimen 

lb/in. 

in. 

KK  L 

C 

JD62 

167 

I.658 

0.643 

JD63 

173 

1.654 

0.492 

JD64 

l6l 

1.659 

0.605 

jd66 

178 

1.658 

O.580 

JD67 

169 

1.659 

0.562 

JD70 

172 

I.658 

0.621 

JD71 

185 

I.656 

0.543 

JD72 

184 

I.656 

0.621 

Average  O.583 

Theoretical  factor  from  computer  calculation^  0.540 


(a)  Bending  stiffness  D  and  convolution  length  L  given  in 
Table  J-2. 

(b)  Theoretical  result  using  calculated  D  of  480.4  and  k  of  161 
for  bellows  JD68. 


TABLE  J-ll.  EXPERIMENTAL  RELATION  BETWEEN  BENDING  STIFFNESS  D 
AND  AXIAL  SPRING  CONSTANT  k  FOR  1-INCH  SINGLE-PLY 
STAINLESS  STEEL  BELLOWS 


Spec imen 

Axial  Spring 
Constant,  k, 

lb/ in. 

Average  Bellows 

Radius,  R,  a 

in. 

D(a) 

Factor,  — - - 

kR*  bc 

JD23 

77 

0-579 

0.483 

JD25 

85 

0.579 

0.384 

JD26 

84 

0-579 

0.383 

JD27 

82 

0.577 

0.459 

JD30 

81 

0-579 

0.503 

JD31 

83 

0.577 

0.476 

JD32 

75 

0.576 

0.380 

JD33 

86 

0.578 

0.365 

JD34 

76 

0-579 

0.480 

Theoretical  factor  from 
on  JD29(b) 

Average 

computer  calculation 

8 

-3-  --a- 

d  d 

(a)  Bending  stiffness  D  and  convolution  length  L  given  in  Table  J-3. 

(b)  Theoretical  result  using  calculated  D  of  13.8  and  k  of  86  for 
bellows  JD29. 
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TABLE  <1-12.  EXPERIMENTAL  RELATION  BETWEEN  BENDING  STIFFNESS  D 
AND  AXIAL  SPRING  CONSTANT  k  FOR  1-INCH  SINGLE-PLY 
INCONEL  BELLOWS 


Axial  Spring 

Average  Bellows 

D(a) 

Constant,  k 

Radius,  R,  a 

Factor,  — r - 

Specimen 

lb/in. 

in. 

kR  L 
c 

JD107 

75-6 

0.563 

0.513 

JD109 

77-5 

0.562 

0.488 

JD111 

90.0 

0.563 

0.492 

JD112 

77.0 

0.562 

0.505 

JD113 

77.9 

O.56I 

0.495 

JD114 

80.2 

0.563 

0.493 

JD115 

81.9 

O.56I 

0.494 

JD116 

79-4 

0.562 

0.482 

JD118 

89.2 

O.562 

0.472 

Average 

0.493 

(a)  Bending  stiffness  D  and  convolution  length  Lc 
given  in  Table  J-4. 


TABLE  J-13-  EXPERIMENTAL  RELATION  BETWEEN  BENDING  STIFFNESS  D 
AND  AXIAL  SPRING  CONSTANT  k  FOR  3-INCH  SINGLE-PLY 
INCONEL  BELLOWS 


Axial  Spring 
Constant,  k, 

lb /in. 

Average  Bellows 
Radius,  R, 

in. 

D<a) 

Specimen 

**  Lc 

JD119 

142.5 

1.632 

0.567 

JD120 

128.2 

I.636 

O.569 

JD121 

140.0 

1.631 

0.541 

JD123 

142.0 

1.630 

0.535 

JD125 

131.8 

1.647 

0.578 

JD126 

138.4 

1.641 

0.533 

JD127 

135-6 

1.632 

0.505 

JD129 

138.9 

1.633 

0.544 

Average  0.547 

(a)  Bending  stiffness  D  and  convolution  length  LQ  given  in 
Table  J-5. 
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TABLE  J-l4.  EXPERIMENTAL  RELATION  BETWEEN  BENDING  STIFFNESS  D 
AND  AXLAL  SPRING  CONSTANT  k  FOR  3-INCH  DOUBLE-PLY 
STAINLESS  STEEL  BELLOWS 


Axial  Spring 

Average  Bellows 

Constant,  k, 

Radius,  R,  or  Factor,  — 5 - 

Specimen 

lb/ in . 

in. 

kR  L 

c 

JD74 

36l 

1.648 

0.459 

JD75 

337 

1.649 

0.523 

JD76 

360 

1.649 

0.461 

JD79 

333 

1.647 

O.567 

JD80 

297 

1.652 

O.520 

JDSl 

359 

1.648 

0.475 

JD82 

360 

1.648 

0.505 

JDS3 

360 

1.647 

0.496 

Average 

0.501 

(a)  Bending  stiffness  D  and  convolution  length  Lc  given  in 
Table  3-6. 


TABLE  J-15.  THEORETICAL  RELATION  BETWEEN  BENDING  STIFFNESS  D 
AND  AXIAL  SPRING  CONSTANT  k  FOR  WELDED  BELLOWS 


Specimen 

Nominal 

Size, 

inch 

Axial  Spring 
Constant  k^a\ 
lb /in. ^ 

Average 
Bellows 
Radius , 

H  (b!  in. 

Total  Con¬ 
volution 

Length,  L  , 
c 

inch 

Factor, 
D(  =  > 

Experimental(^) 

Values 

for 

2 

kR  Lc 

JD136 

3-1/2 

57 

1.6084 

0.480 

0.537 

0.575 

JD150 

1-1/2 

101 

0.6567 

0.373 

0.581 

O.4o6 

JDI58 

3 

152 

1.5710 

0.341 

0.457 

0.495 

JD171 

1-1/2 

124 

0.6612 

0.338 

0.699 

0.430 

(a)  The  theoretical  value  for  compression  reported  in  Table  6  of  the  Report  body. 

(b)  Average  radius  as  measured  on  sectional  and  encapsulated  specimens. 

(c)  ot  defined  in  Equation  (<J-l4). 

(d)  Determined  from  experiments  on  Specimens  JD134,  JD143,  JD155,  and  JD167. 
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TABLE  J-l6.  BUCKLING  DATA  ON  5-INCH  SINGLE-PLY  STAINLESS  STEEL  BELLOWS 


Specimen 

Compression, 

A,  in. 

Test  Pressure, 
p,  psi 

Remarks 

JD90 

0.300 

100 

Did  not  buckle 

0.3*»0 

90 

Buckled 

JD93 

0  to  0.1*10 

100 

Did  not  buckle 

JD91* 

0.300 

ICO 

Did  not  buckle 

0.370 

90 

Buckled 

<n>95 

0.298 

ll» 

Buckled 

JD96 

0,291 

i*9 

Buckled 

JD97 

0.300 

100 

Did  not  buckle 

0.390 

80 

Buckled 

JD98 

0.28«* 

89 

Buckled 

TABLE  J-17.  BUCKLING  DATA  ON 

3-INCH  SINGLE-PLY  STAINLESS  STEEL  BELLOWS 

Specimen 

Compression, 
A,  in. 

Test  Pressure, 
P,  psi 

> 

Remarks 

JD6l 

0.220 

100 

Did  not  buckle 

JD62 

0.l!*9 

32 

Buckled 

JD63 

0.220 

100 

Did  not  buckle 

JD61* 

0.11*5 

59 

Buckled 

JD65 

0.220 

ICO 

Did  not  buckle 

JD66 

0.11*6 

5k 

Buckled 

JD67 

0.1U3 

88 

Buckled 

JD70 

0.11*7 

61* 

Buckled 

JD71 

0.150 

100 

Did  not  buckle 

0.210 

100 

Buckled 

JD72  -  had 

large  fatigue 

;  crack — did  not  hold  pressure 

TABLE  J-18.  BUCKLING  DATA  ON  1-INCH  SINGLE-PLY  STAINLESS  STEEL  BELLOWS 


Compression,  Test  Pressure, 


Specimen 

A,  in. 

P,  psi 

Remarks 

JD23 

0.100 

100 

Did  not  buckle* 

JD25 

0.100 

100 

Did  not  buckle 

JD26  -  had 

large  fatigue 

crack — did  not 

hold  pressure 

JB27 

0.015 

73 

Buckled 

0.0l*2 

0 

Buckled 

JD30 

0.0725 

100 

3uckled 

0.08.15 

0 

Buckled 

JD31 

0.100 

100 

Did  not  buckle 

JD32  -  had 

large  fatigue 

crack — did  not 

hold  pressure 

JD33  -  had 

large  fatigue 

crack — did  not 

hold  pressure 

JD3l* 

0.100 

100 

Did  not  buckle 

*  Specimen  JD23  did  not  Buckle  in  the  usual  beam-column  mode,  but  it  did 
buckle  into  a  local  shell  mode  as  shown  in  Figure  J-6.  The  depth  of  this 
buckle  was  about  0.001  in.  at  both  A  =  0  in.  and  p  =  100  psi  and  A  =  0.100 
in.  and  p  =  0  psi,  and  was  about  0.002  in.  at  A  =  0.100  in.  and  p  =  100  psi. 
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TABLE  J-19.  BUCKLING  DATA  ON  1-INCH  SINGLE-PLY  INCONEL  BELLOWS 


Specimen 

Compression, 

A  ,  in. 

Pressure, 
p,  psi 

Remarks 

JD107 

0.100 

100 

Did  not  buckle 

JD109 

0.100 

100 

Did  not  buckle 

JD111 

0.080 

67 

Buckled 

0.100 

0 

Buckled 

JD112 

0.100 

99 

Buckled 

JD113 

0.100 

100 

Did  not  buckle 

JD115 

0.100 

100 

Did  not  buckle 

JD116 

0.100 

100 

Did  not  buckle 

JD118 

0.100 

100 

Did  not  buckle 

TABLE  J-20 . 

EUCKLING  DATA  ON  3-INCK  SINGLE 

PLY-INCONEL  BELLOWS 

Specimen 

Compression, 

A,  in. 

Pressure, 

P,  Psi 

Remarks 

JD119 

0.220 

100 

Did  not  buckle 

JD120 

0.155 

6  7 

Buckled 

JD12I 

Q.220 

100 

Did  not  buckle 

JD123 

0.220 

100 

Did  not  buckle 

JD125 

0.220 

100 

Did  not  buckle 

JD126 

0.159 

23 

Buckled 

JD127 

0.220 

100 

Did  not  buckle 

JD129 

0.220 

100 

Did  not  buckle 

TABLE  J-21. 

BUCKLING  DATA  ON 

3-INCH  DOUBLE-PLY 

STAINLESS  STEEL  BELLOWS 

Compression, 

Pressure, 

Specimen 

A ,  in. 

P,  psi 

Remarks 

JD73 

0.358 

79 

Buckled 

JD7*> 

0.358 

39 

Buckled 

JD75 

0.3o0 

ICO 

Did  not  buckle 

JD76 

0.360 

100 

Did  not  buckle 

JD79 

0.360 

100 

Did  not  buckle 

JD80 

0.360 

100 

Did  not  buckle 

JD8l 

0.356 

91 

Buckled 

JD82 

0.356 

88 

Buckled 

JD83 

0.360 

100 

Did  not  buckle 
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TABLE  J-22.  CRITICAL  INTERNAL  PRESSES  CAUSING  BUCKLING  OF  PERFECTLY 
STRAIGHT  FORMED  TEST  P.'  ,i,OWs(a) 


Size  of/,  \ 
Bellows1  ; 

Material 

Total 

Convolution 

Length,  L  , 

•  (c)  C 

in. 

Mean 

Area 

A« 

in.2(4> 

Axial  Spring 
Constant, 

lb/ in.^ 

Bending 

Stiffness, 

»<c>, 
lb-in. ^ 

Pressure 

Coefficient, 

*<e), 

*.  2 

an 

Critical 

Pressure, 

(f) 

P  , 

cr  * 

psi 

1-inc’n, 
single -ply 

Stainless 

steel 

1.041 

1.050 

8.1 

12.2 

0.266 

331 

1-inch, 
single -ply 

Inconel 

1.226 

0.992 

81 

15.4 

0.175 

338 

3 -inch, 
single-ply 

Stainless 

steel 

2.107 

8.62 

174 

559-2 

1-59 

481 

3-inch, 
single -ply 

Inconel 

2.063 

8.39 

'  137 

413.4 

1.10 

400 

3-inch, 
double -ply 

Stainless 

steel 

2.145 

8.52 

346 

1007.3 

1.60 

845 

5-inch, 
single -ply 

Stainless 

steel 

4.084 

22.45 

300 

4124.0 

2.87 

380 

(a)  For  A  =  0.1  L  in  Equation  (J-l6);  (b)  Nominal  diameter; 
cr  c 

(c)  Average  of  experimental  data.  (d)  A  =  rtR2  ;  (e)  Determined  from  computer  calcu¬ 
lation  of  a  mathematical  shell  model  of  bellows  with  p  =  1  psi;  (f)  Calculated  from 
Equations  (J-15)  and  (J-l6). 


TABLE  J-23.  CRITICAL  INTERNAL  PRESSURES  CAUSING  BUCKLING  OF  PERFECTLY 
STRAIGHT  WELDED  TEST  BELLCWs(a) 


Size  of 

Bellows^ 

inch 

Material 

Total 

Convolution 
Length,  Lq, 

.  (c) 

Mean 

Area, 

a<*>, 

.  2 
in. 

Axial 
Spring 
Constant,  k 

lb/in.^ 

Bending 

Stiffness, 

D> 

lb-in.^ 

Pressure 

Coefficient, 

kp(e), 

.  2 
m. 

Critical 

Pressure, 

p  (f>, 
*cr  ’ 

psi 

3-1/2 

347 

0.480 

8.127 

57 

37-9 

-1.009 

909 

Stainless 

1.750 

67 

steel 

3.500 

14 

1-1/2 

347 

0.373 

1-355 

101 

9.44 

-0.162 

2242 

Stainless 

0.750 

549 

steel 

1.500 

126 

3 

AM350 

0.341 

7.753 

152 

58.5 

-0.720 

2823 

1.500 

143 

3-000 

30 

1-1/2 

AM350 

0.338 

1.3735 

124 

12.8 

-0.283 

4054 

0.750 

812 

.  . 

l.soo 

180 

(a),  (b) ,  (c),  ond  (f)  the  same  as  in  Table  J-23.  (c)  The  first  Lc  listed  corresponds  to  the 

specimen  lnngtho  in  Table  J-15.  The^other  Lc  are  taken  as  l/2  and  equal  to  the  nominal 
diameter,  respectively,  (d)  A  -  jtR  ;  R  from  Table  J-15* 


i 
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TABLE  J-24.  COMPARISON  OF  INDIVIDUAL  LOAD  TERMS^  CONTRIBUTING  TO  TOTAL 
BUCKLING  LOAD  FOR  PERFECTLY  STRAIGHT  FORMED  TEST  BELLOWS 


Size  of 
Bellows  ^  ^ 

Material 

Load  Term, 
PcrA’  lb 

Load  Term, 

P  K ,  lb 
cr  p 

Load  Term, 

kA  lb 

cr  ’ 

Total 

Critical  Load, 
?cr(a>>  lb 

1-inch, 
single -ply 

Stainless 

steel 

348 

88 

8.45 

445 

1-inch, 

single-ply 

Inconel 

335 

59 

9.92 

405 

3 -inch, 
single -ply 

Stainless 

steel 

4150 

765 

36.7 

4960 

3-inch, 
single -ply 

Inconel 

3360 

440 

28.3 

3830 

3 -inch, 
single -ply 

Stainless 

steel 

7200 

1350 

74.4 

8650 

5 -inch, 
single-ply 

Stainless 

steel 

8540 

1090 

122.5 

9750 

(a)  In  Equation  (J-l6).  (b)  Nominal  diameter,  (c)  A  =  0.1  L  . 

2  ^ 
(d)  P  =  ,  Equation  (j-15). 

T  ^ 


TABLE  J-25.  COMPARISON  OF  INDIVIDUAL  LOAD  TERMS  ^  CONTRIBUTING  TO  TOTAL 
BUCKLING  LOAD  FOR  PERFECTLY  STRAIGHT  WELDED  TEST  BELLOWS 
LENGTHS  OF  ONE- HALF  THE  NOMINAL  DIAMETER 


Size  of 
Bellows ^ 

Material 

Load  Term, 

p  A,  lb 
*cr  ’ 

Load  Term, 

p  k  ,  lb 
*cr  p' 

Load  Term, 

kA  (c),  lb 
cr  ’ 

Total 

Critical  Load, 

P  lb 

cr 

3-1/2  in. 

347  Stain¬ 
less  steel 

545 

-68 

10 

487 

1-1/2  in. 

347  Stain¬ 
less  steel 

744 

-89 

8 

663 

3- inch 

AM350 

1109 

-103 

23 

1029 

l-l/2  in. 

AM350 

111S 

-230 

9 

894 

(a)  In  Equation  (J-l6). 

(d/  P  -  — 5-  ,  Equation 

V 

(b)  Nominal 

(J-15). 

diameter. 

(c)  A  =  0.1  L  . 
v  '  cr  c 
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TABLE  J-2 6.  IMPERFECTIONS  MEASURED  ON  FORMED  BELLOWS 


(a) 


Specimen 

Size  of 

Bellows 

inch 

Material 

Stainless  Inconel 
Steel 

Number 
of  Plies 

Total  Maxi¬ 
mum  Central 
Deviation 
(a),  in. 

Slant 

Offset 

(s)(o), 

inch 

JD27 

1 

X 

1 

0.0090 

0.0285 

JD111 

1 

X 

1 

0.00975 

0.0095 

JD62 

3 

X 

1 

0.0368 

0.0025 

JD64 

3 

X 

1 

0.0197 

-0.02125 

JD126 

3 

X 

1 

0.0105 

0.0050 

-TD74 

3 

X 

2 

C.OO85 

0.0230 

JD95 

5 

X 

1 

0.0177 

0.0275 

JD96 

5 

X 

1 

0.0188 

0.0030 

(a)  Imperfections  shown  in  Figure  J-7- 

(b)  Nominal  diameter 

(c)  (s)  is  positive  in  the  direction  of  positive  (a)  as  shown  in  Figure  J-7* 


TAELE  J-27- 


IMPERFECTIONS  MEASURED  ON  WELDED  BELLOWS 


(a) 


Spec imen 

Nominal  Diameter 
of  Bellows,  in. 

Material 

Total  Maximum 
Central  Devia¬ 
tion,  (a),  in. 

Slant 

Offset, 

(s)i“/,in. 

JD135 

OJ 

1 

347  stainless 
steel 

0.0017 

0.0023 

JD156 

3 

AM350 

0.0006 

0.0031 

JD16H 

3 

AM350 

0.0011 

0.0025 

(a)  Imperfections  shown  in  Figure  J-7- 

(b)  (s)  is  positive  in  the  direction  of  positive  (a)  as  shown  in  Figure  J-7- 
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TABLE  J-28.  THEORETICAL  CROWN  DEFLECTIONS  (w,  INCH)  FOR  FORMED  BELLOWS 
UNDER  AXIAL  COMPRESSION  (A,  INCH) ^ 


Size  of/ 


Material 


Crown 


Specimen 

Bellows'  , 
inch 

Stainless 

Steel 

Inconel 

Number 
of  Plies 

•  (c) 
m. 

JD29 

1 

X 

1 

0.00424 

JD117 

1 

X 

1 

0.C0168 

JD68 

3 

X 

1 

0.00102 

JD124 

3 

X 

1 

0.02785 

JD77 

3 

X 

2 

0.01022 

JD92 

5 

X 

1 

0.00210 

0), 


(a)  Determined  from  computer  calculations  on  exact  mathematical  models. 

(b)  Nominal  diameter. 

(c)  Deflection  used  in  Equation  (J-22). 


TABLE  J-29.  THEORETICAL  OUTER  LEAF  DEFLECTIONS  (u  ,  INCH) FOR  WELDED 

BELLOWS  UNDER  AXIAL  COMPRESSION  (A,  INCH)  AND  INTERNAL 
PRESSURE  (p)^a^ 


Nominal 

Diameter, 

inch 

/■t-  \ 

Outer  Leaf  Deflections,  in.  ' 

Specimen 

Material 

u„  for  7-  =  1  u 

T  Lc  9 

for  p  =  10  ps: 

JD136 

3-1/2 

347  Stainless  steel 

-0.000274 

-0.0000323 

JD158 

3 

AM350 

0.000325 

O.OOOO886 

(a)  Determined  from  computer  calculations  on  exact  mathematical  models. 

(b)  Deflections  used  in  Equation  (J-22). 


TABLE  J-30.  PREDICTIONS  OF  INTERNAL  PLASTIC  COLLAPSE  PRESSURE  FOR 
STAINLESS  STEEL  BELLOWS 


Specimen 

Nominal. 

Diameter, 

inch 

Nominal 

Thickness, 

inch 

Diameter- 

to-Thickness 

Ratio 

Predicted  Collapse 

-  .(a) 

Pressure,  psi  ' 

Method  I  Method  II 

JD29 

1 

0.005 

200 

138 

402 

JD68 

3 

0.008 

375 

131 

456 

JD92 

5 

0.010 

500 

116 

313 

(a)  Method  I  employs  Equation  (J-27)  for  a  predominantly  bending  type  of  collapse; 
Method  II  employs  Equations  (J-3l)  or  (J-32)  for  a  predominantly  membrane-type 
of  collapse. 
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FIGURE  J- 


I .  EXPERIMENTAL  METHOD  FOR  LATERAL  BENDING  OF  BELLOWS 


FIGURE  J-2.  EXPERIMENTAL  DATA  ON  BENDING  OF  5 -INCH  BELLOWS,  JD90 
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/Flat- disk  contacts, 
6- Equally  spaced. 


8,  in.,  gap  distance  set 
at  neutral  position 


FIGURE  J-5.  SCHEMATIC  OF  EQUIPMENT  FOR  BUCKLING  EXPERIMENTS 
ON  FORMED  BELLOW'S 
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Experimental  data  I  O-  Experimental  data 


FIGURE  J- 12.  EXPERIMENTAL  AND  THEORETICAL  FIGURE  J-13.  EXPERIMENTAL  AND  THEORETICAL 
BUCKLING  OF  1-INCH  BUCKLING  OF  3-INCH 

BELLOWS  JD111  BELLOWS  JD62 


Experimental  data 
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FIGURE  I  -do. 


PHOTOGRAPH  OF  BELLOWS  JD% 
AT  a 50  PSI  INTERNAL  PRESSURE 


.1-41 


Increase  In  Convolution  Width,  Aw,  in. 


FIGURE  J-21.  EXPERIMENTAL  PRESSURE-DEFLECTION  CURVE  FOR 
COLLAPSE  OF  5-INCH  BELLOWS  JD96 


FIGURE  J-22.  EXPERIMENTAL  DIAMETER  CHANGE-PRESSURE  CURVE 
FOR  COLLAPSE  OF  BELLOWS  JD96 


FIGURE  J-23.  EXPERIMENTAL  PRESSURE-DEFLECTION  CURVE  FOR 
COLLAPSE  OF  5 -INCH  BELLOWS  JD90 


FIGURE  J-24.  EXPERIMENTAL  DIAMETER  CHANGE- PRESSURE  CURVE 
FOR  COLLAPSE  OF  5-INCH  BELLOWS  JD90 


FIGURE  J-25.  DEFORMATION  OF  BELLOWS  JD96  PRIOR  TO  AND 
SUBSEQUENT  TO  PLASTIC  COLLAPSE 


FIGURE  J-26.  TRANSLATION  OF  270  PSI  DEFORMATION  CURVE  TO  THE 
ZERO-PSI  REFERENCE  SO  THAT  ROOTS  COINCIDE 
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APPENDIX  K 


LOW-CYCLE  FATIGUE  AND  FATIGUE-LIFE  PREDICTION 


ABBREVIATIONS  AND  SYMBOLS 


ASf.  Total  strain  range 
A£p  Range  of  plastic  strain 
Aee  Range  of  elastic  strain 
N  Total  cycles  of  fatigue  life 


K 


*  r 


APPENDIX  K 


LOW-CYCLE  FATIGUE  AND  FATIGUE-LIFE  PREDICTION 


Until  30  or  40  years  ago,  design  to  prevent,  the  fatigue  failure  of  structural  parts 
was  generally  based  upon  stresses  so  low  that  the  material  would  not  fail  in  millions  of 
stress  repetitions..  Stress  ranges  were  kept  below  the  fatigue  limit  (then  called  the  en¬ 
durance  limit)  of  the  material.  In  more  recent  years  —  particularly  in  the  aircraft 
industry  -  to  avoid  weight  penalties  of  possible  overdesign,  it  has  been  recognized  that 
higher  stress  ranges  can  be  allowed  in  parts  that  must  withstand  only  a  finite  number  of 
stress  repetitions.  In  some  instances,  the  required  number  of  loadings  the  part  must 
withstand  may  be  very  small,  and  design  is  said  to  be  concerned  with  "low-cycle" 
fatigue.  There  is  no  sharp  dividing  line  between  low-cycle  fatigue  and  long-life  fatigue 
upon  which  experts  agree.  In  this  report,  the  term  "low-cycle  fatigue"  is  used  for  the 
range  of  lifetimes  (5,  000  to  50,  000  cycles)  of  interest  to  the  bellows  and  diaphragm 
program. 

While  there  have  been  many  approaches  to  seeking  a  basic  mechanism  (or  basic 
mechanisms)  for  the  development  of  fatigue  cracking,  present  understanding  remains 
uncertain.  Knowledge  applicable  to  engineering  design  comes  primarily  from  empirical 
formulations  based  upon  laboratory  tests  of  material  specimens.  A  brief  review  of 
some  of  this  work  is  given  to  provide  a  framework  for  considering  the  fatigue  behavior 
that  might  be  expected  in  bellows  and  diaphragms  submitted  to  cycling  deformations  due 
to  varying  deflection  and/or  pressure. 


Methods  of  Correlating  Low-Cycle -Fatigue  Data 


Suppose  a  metal  specimen  is  cycled  between  two  values  of  total  uniaxial  strain  so 
that  the  material  traces,  after  the  first  quarter-cycle  loading,  the  hysteresis  loop 
ABCDA  in  the  stress-strain  diagram  of  Figure  K-l.  If  the  stress-strain  cycle  is 
known,  the  loading  may  be  characterized  by  any  one  of  the  three  parameters: 

Aec  =  total  strain  range 

A£p  =  range  of  plastic  strain 

Aee  =  range  of  elastic  strain. 

It  has  been  found  in  laboratory  tests(K-l,  K-2)*  that  material  fatigue  behavior  can  be 
described,  with  one  provision:  the  stress -strain  curve  under  cyclic  loading  may  vary  in 
the  first  few  cycles  before  settling  down  to  a  "saturation"  curve  which  may  be  higher 
(for  strain-hardening  materials)  or  lower  (for  strain-softening  materials)  than  that  ob¬ 
tained  in  a  monotonic  loading.  Figure  K-2  illustrates  behavior  observed  for  a  strain¬ 
hardening  material  (Inconel  713C-LG). 

A  fatigue  test  may  be  run  by  subjecting  specimens  to  various  ranges  of  total  strain 
and  recording  the  corresponding  lifetimes  to  fracture.  The  results  may  be  plotted  in 


References  for  Appendix  K  are  listed  on  p  K-6. 


K-l 


terms  of  the  logarithm  of  A£t  or  °*  A£p  or  °*  A£e  against  the  logarithm  of  lifetime. 

This  is  illustrated  in  Figure  K-3,  where  the  strain  values  were  determined  from  a 
cyclic  stress-strain  curve  taken  at  about  half  the  lifetime  to  fracture.  Note  that  the 
curve  In  A£p  vs.  In  N  is  approximately  a  straight  line  with  a  slope  about  -1/2;  the  curve 
for  In  A£e  vs.  In  N  is  also  a  straight  line  with  a  much  lower  (negative)  slope.  Thus  it 
appears  that,  to  a  good  approximation, 


N  =  A  (A£p)~m  =  B  (Aee)"n 


where  A,  B,  m,  and  n  can  be  considered  material  parameters. 

Since  A£t  =  A£p  +  A£e,  the  curve  for  In  A£t  vs.  In  N  will  be  asymptotic  to  that  for 
In  A£p  vs.  N  at  low  values  of  N  and  to  that  for  In  A£e  vs.  In  N  at  large  values  of  N. 

The  behavior  illustrated  in  Figure  K-3  is  characteristic  ox  materials  commonly 
used  in  bellows  and  diaphragms.  Note  that,  in  the  range  of  lifetimes  (5000  to  50,  000 
cycles)  of  interest  in  this  study,  values  of  A£p  and  A£e  are  of  about  the  same  order  of 
magnitude,  so  that  neither  can,  in  general,  be  neglected  with  respect  to  the  other.  For 
this  reason,  as  well  as  because  measurements  (for  example,  with  bonded  electric 
strain  gages)  give  values  of  total  strain,  it  is  convenient  to  use  values  of  In  A£t  vs.  In  N 
to  correlate  fatigue  data  for  bellows  and  diaphragms. 


Differences  Between  Strains  in  Material  Specimens 
and  Strains  in  Bellows  and  Diaphragms 


Material  data  such  as  those  illustrated  in  Figure  K-3  are  usually  obtained  under 
controlled  ar.d  intentionally  simplified  conditions,  while  material  at  critical  locations  in 
a  bellows  or  diaphragm  may  be  under  complex  conditions.  Some  of  the  differences  in 
conditions  are: 


Material  Specimen 

(1)  Uniaxial  stress  and  strain 

(2)  Fully  reversed  strain 

(3)  Constant  strain  range 

(4)  No  strain  concentration 

(5)  Failure  criterion  -  rupture 


Material  at  Critical  Location  in 
Bellows  or  Diaphragm 

Biaxial  stress  and  strain 
Possible  significant  mean  strain 
Local  strain  range  possibly  changing 
Strain  concentration 
Failure  criterion  -  cracking. 


Other  complications  exist  in  the  bellows  or  diaphragm:  the  initial  condition  of  material 
in  regard  to  such  items  as  residual  stresses  and  local  strain  hardening  from  forming  is 
seldom  accurately  known,  the  local  strains  and  strain  ranges  can  be  estimated  (by 
elastic  theory)  but  evaluated  only  approximately  in  regard  to  plastic  components,  etc. 
Such  factors  mean  that  identification  of  bellows  or  diaphragm  fatigue  behavior  with 
material  fatigue  data  requires  careful  consideration  and  cannot  be  expected  to  be  quanti¬ 
tatively  precise. 
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The  best  present  engineering  practice  in  estimating  fatigue  life  of  bellows  or  dia¬ 
phragms  seems  to  be:  (1)  use  material  information  (such  as  Figure  K-3)  as  a  guide, 

(2)  consider,  at  least  qualitatively,  such  items  as  are  listed  above  to  minimize  bellows 
or  diaphragm  fatigue  testing,  and  (3)  depend  upon  fatigue  tests  of  coupons  of  similar 
material  for  approximate  life  prediction,  but  (4)  utilize  test  data  from  similar  bellows 
or  diaphragms  to  verify  or  adjust  the  prediction. 

With  regard  to  this  general  approach,  the  five  strain- condition  differences  listed 
above  are  discussed  briefly.  [For  more  extensive  discussion  of  some  of  these  items, 
see  Reference  (K-2)] 


Uniaxial  vs.  Biaxial  Stresses  and  Strains 


Data  on  the  relation  of  fatigue  behavior  under  biaxial  stress  to  fatigue  behavior 
under  uniaxial  stress  are  not  yet  extensive  in  the  range  of  low-to-intermediate  cycle 
fatigue,  and  there  is  no  universal  agreement  concerning  engineering  design  rules.  How¬ 
ever,  the  principal  stress  or  strain  range  has  a  dominant  effect  on  fatigue  life,  and  a 
simple  approach  is  to  interpret  results  in  terms  of  the  largest  principal  strain  range. 


Variations  in  Mean  Strain 


There  are  few  data  concerning  the  effect  of  mean  strain  on  the  strain  range  that 
can  be  endured  without  failure  in  the  range  of  lifetimes  from  5000  to  100,  000  cycles, 
particularly  for  the  materials  and  the  loading  conditions  pertinent  to  bellows  and  dia¬ 
phragms.  Figure  K-4  shows  some  results  obtained  in  constant-stress -amplitude 
fatigue  tests  on  an  aluminum  alloy  that  may  be  indicative  of  the  general  behavior  of  metal 
alloys.  In  these  tests,  the  stress  range  endured  for  a  specified  lifetime  decreased  with 
increasing  mean  tensile  stress.  Particularly  for  long  lifetimes  and  relatively  low  mean 
stresses,  the  rate  of  decrease  is  less  than  indicated  by  a  linear  approximation  which,  in 
the  absence  of  experimental  data,  is  often  used  as  an  engineering  guide.  A  few  experi¬ 
ments  [see,  for  example,  Reference  (3)]  have  shown  a  decrease  in  the  range  of  plastic 
strain  endurable  for  a  specified  lifetime  with  increase  in  mean  tensile  strain  in 
constant- strain-amplitude  fatigue  tests. 

Although  there  are  few  data  on  thin  materials  in  the  .lifetime  range  from  5000  to 
100,  000  cycles  under  such  conditions  as  constant- strain-amplitude  tests  with,  parametric 
variation  of  mean  strain,  it  can  be  inferred,  from  the  type  of  information  described 
above,  that  increased  mean  strain  in  a  bellows  material  would  decrease  the  strain  range 
allowable  for  a  lifetime  of  concern  in  this  study.  The  amount  of  decrease  cannot  be 
estimated  with  accuracy,  but  it  may  be  small  for  low  mean  strains. 


Possible  Changes  in  Local  Strain  Range 


Related  to  the  possible  effect  of  mean  strain  upon  the  fatigue  lifetime  of  a  bellows 
is  the  question  of  the  actual  strain  history  at  the  critical  location  where  a  crack  may 
ultimately  occur.  Figure  K-5  illustrates  two  possibilities  of  local  behavior  of  material 
(for  example,  at  a  convolution  root  in  a  formed  bellows)  when  the  bellows  is  deflected 
from  an  initial  condition  considered  as  having  zero  stress  and  strain  to  some  deflection 
involving  a  high  local  strain  in  tension,  and  then  this  deflection  range  is  repeated.  In 
Figure  K-5a  it  is  supposed  that,  after  the  first  loading,  the  material  returns  to  zero 
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stress,  but,  because  the  local  stress  at  maximum  deflection  exceeded  the  elastic  limit, 
not  to  zero  strain.  Such  behavior  is  generally  unlikely  if  the  bulk  of  the  bellows  material 
stays  within  the  elastic  limit  because  the  elastic  surrounding  material  will  force  the 
small  region  that  has  undergone  plastic  deformation  back  toward  zero  strain  (and  a  com¬ 
pressive  residual  stress),  as  indicated  in  Figure  K~5b.  This  behavior  of  the  local 
region  may  be  called  "elastically  controlled".  Note  that,  in  the  first  case,  both  the 
strain  range  and  the  mean  strain  alter  the  first  quarter  cycle  are  different  from  values 
expected  if  the  material  all  behaved  elastically.  In  the  second  case,  the  mean  strain  is 
decreased,  but  the  strain  range  is  the  same  as  if  all  the  material  behaved  elastically. 

The  actual  behavior  at  a  critical  location  in  a  bellows  cannot  be  evaluated  with 
certainty  except  by  an  analytical  elastic-plastic  solution,  which  is  beyond  the  present 
state  of  the  art,  or  by  local  strain  measurements.  These  are  difficult  and  are  not 
feasible  for  some  high-strain  locations.  However,  it  may  be  expected  that  a  close  ap¬ 
proximation  can  be  obtained  by  assuming  elastic  control  when  the  highly  stressed  regions 
are  small  compared  to  the  bulk  of  the  material,  and  when  the  loading  is  not  so  high  that 
the  bulk  of  the  bellows  material  behaves  inelastically.  Then  Ae  obtained  from  an  elastic 
calculation  may  be  an  approximation  to  mat  existing  in  the  critical  highly  stressed 
regions.  In  some  bellows  it  i.s  feasible  to  examine  the  validity  of  this  procedure  by  using 
very  small  strain  gages  at  locations  considered  critical.  (Such  an  investigation  is 
described  in  Appendix  .L. ) 


Strain  Concentration 

The  use  of  a  detailed  theoretical  calculation  may  circumvent  the  strain- 
amplification  consideration  at  some  locations,  such  as  the  roots  and  crowns  of  formed 
bellows.  However,  there  remains  a  question  as  to  the  effect  on  fatigue  life  ox  a  very 
high  strain  gradient  such  as  may  occur  at  the  juncture  of  the  diaphragms  in  the  weld 
bead  of  a  welded  bellows.  At  present,  the  quantitative  effect  of  such  configurations  can 
only  be  checked  experimentally. 


Failure  Criterion 


The  failure  criterion  in  laboratory  tests  of  materials  is  commonly  complete  rup¬ 
ture  of  the  specimen.  In  tests  of  bellows,  the  criterion  may  be  a  small  leak  or  a  tiny 
crack.  In  general,  this  difference  in  failure  criteria  will  make  the  observed  bellows 
fatigue  life  shorter  than  that  of  otherwise  corresponding  material  coupons,  although  the 
difference  may  not  be  large. 


Investigation  of  the  Fatigue  Life  of 
Bellows  and  Diaphragms 


Based  on  the  preceding  information,  it  appeared  that  a  reasonable  procedure  for 
investigating  the  fatigue  behavior  of  bellows  was  as  follows: 
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(1)  The  test?  were  to  be  ran  in  terms  of  total  strain  range  as  calculated 
by  elastic  theory. 

(2)  It  was  anticipated  that  the  calculated  strain  range  would,  on  account 
of  "elastic  control",  approximate  the  range  of  local  strains.  This 
approximation  was  expected  to  be  quite  good  for  relatively  low 
strains  (and  long  lifetimes)  and  possibly  less  good  at  high  strains 
(and  very  short  lifetimes).  The  approximation  was  to  be  examined 
to  some  extent  by  the  use  of  small  strain  gages. 

(3)  A  number  of  items  made  it  likely  that  bellows  lifetime  on  this  basis 
would  be  somewhat  less  than  that  of  small  material  specimens. 
There  was,  however,  expected  to  be  a  correlation  between  the 
bellows  behavior  and  that  of  material  coupons. 

(4)  Among  parameters  expected  to  have  an  effect  was  mean  strain,  and 
therefore,  the  mean  deflection  and  the  internal  pressure  in  the 
bellows  tests.  The  amount  of  this  effect  was  to  be  examined  by 
experiment.  At  least  for  moderate  values  of  mean  strain,  the  life¬ 
time  was  expected  to  be  less  sensitive  to  this  than  to  strain  range. 


Fatigue -Life  Prediction 


It  is  well-known  that  careful  laboratory  fatigue  tests  of  metal  specimens  show 
considerable  scatter  in  lifetime  at  a  selected  stress  (or  strain)  level  -  a  range  of  7  to  1 
is  not  uncommon  for  a  modest  number  (say,  15  to  20)  of  specimens.  When  a  somewhat 
complex  structural  part  is  made  out  of  the  same  metal,  the  variance  may  be  less 
(although  the  median  value  is  lower)  than  for  carefully  polished  fatigue  specimens.  One 
reason  for  this  is  that  the  structural  part  has  a  built-in  stress  raiser  often  as  high  as 
"random"  weak  spots  in  a  carefully  polished  "unnotched"  fatigue  specimen.  In  addition, 
however,  the  structural  part  is  likely  to  have  variations  induced  in  manufacture,  such  as 
stress  concentrations,  residual  stresses,  and  local  spots  of  strain  hardening  (or 
softening).  These  will  increase  scatter  in  fatigue  tests  of  a  number  of  supposedly  simi¬ 
lar  parts.  Thus,  fatigue  tests  of  fabricated  parts  may  show  less  scatter  than  tests  of 
material  or  more  scatter,  dependent  upon  the  variations  introduced  in  manufacture. 

The  statistics  of  fatigue  test  results  are  still  being  explored.  (K-4)  Data  are  still 
being  accumulated  and  are  presently  scarce  in  regard  to  materials  used  in  bellows,  at 
the  lifetimes  of  interest  in  this  study.  Nevertheless,  scatter  may  be  anticipated  both 
from  material  and  from  fabrication.  The  amount  must  be  estimated  from  bellows  tests. 
One  important  concern  is  that  the  minimum  value  determined  in  any  small  number  of 
tests  is  not  completely  safe  for  design  use  -  some  kind  of  safety  factor  must  be  applied. 
For  purposes  of  consistency  in  deriving  tentative  design  recommendations  from  the 
bellows  fatigue  tests,  the  scheme  illustrated  in  Figure  K-6  may  be  used.  This  is  to 
quote  a  strain  range  corresponding  to  the  minimum  strain  range  observed  at  twice  the 
lifetime  of  interest.  This  "safety  factor"  was  selected  arbitrarily  and  can  be  altered 
when  sufficient  statistical  data  are  available  to  define  the  class  of  bellows  of  interest  to 
the  designer. 
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For  cycling  between  ■»«,  and  -*t , 

A«t  =  Atp  +  Afj 
=  Ztp  +  2a/E 
where  E  ■  elastic  modulus 


FIGURE  K- 1 .  SCHEMATIC  BEHAVIOR  OF  MATERIAL  LOADED 
WELL  BEYOND  ITS  ELASTIC  LIMIT 


FIGURE  K-2.  STRESS-STRAIN  CURVES  FOR  A 
STRAIN- HARDENING  MATERIAL 
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Cycles  So  Fracture 


FIGURE  K-3.  ILLUSTRATION  OF  DIFFERENT  WAYS  OF 
PLOTTING  FATIGUE  TEST  RESULTS 


Mean  Stress 


FIGURE  K-4.  EFFECT  OF  MEAN  STRESS  IN  STRESS-CONTROLLED  FATIGUE 
TESTS  OF  A  MATERIAL  (AN  ALUMINUM  ALLOY) 
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FIGURE  K-5.  TWO  POSSIBLE  EXTREMES  OF  LOCAL 
STRAIN  BEHAVIOR 
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FIGURE  K-6.  ILLUSTRATION  OF  ARBITRARY  "SAFETY  FACTOR' 
QUOTED  FOR  BELLOWS 
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FATIGUE  ANALYSIS  OF  FORMED  BELLOWS  -  TYPE 
321  STAIN  LESS' STEEL 


As  discussed  in  Appendix  K,  the  decision  was  made  to  investigate  the  usefulness 
of  a  selected  method  for  designing  bellows  and  diaphragms  to  attain  a  minimum  fatigue 
life.  This  method  is  based  on  the  analytical  prediction  of  the  operational  strain  ranges 
in  bellows  and  diaphragms,  and  the  correlation  of  the  fatigue  life  of  bellows  and  dia¬ 
phragms  with  the  fatigue  life  of  metal  coupons  under  equivalent  strain  ranges. 

It  was  mutually  agreed  with  the  Technical  Monitor  that  the  bellows  and  diaphragm 
applications  of  interest  require  a  minimum  fatigue  life  of  about  20,000  cycles.  For 
some  rocket-propulsion  components,  a  minimum  fatigue  life  of  5000  cycles  is  satis¬ 
factory,  while  for  other  components  a  minimum  fatigue  life  of  50,000  cycles  is  required. 
Based  on  these  requirements,  it  was  decided  that  the  bellows  and  diaphragms  should  be 
tested  at  two  general  strain-range  values:  (1)  a  strain  range  to  provide  a  minimum  life 
of  5000  cycles,  and  (2)  a  strain  range  to  provide  a  minimum  life  of  50,000  cycles. 

An  examination  of  coupon  fatigue  data  for  Type  321  stainless  steel  showed  tha.t  a 
strain  range  of  approximately  9000  pin.  /in.  gives  an  average  fatigue  life  of  about 
10,000  cycles,  and  a  strain  range  of  approximately  5400  pin.  /in.  gives  an  average 
fatigue  life  of  about  50,000  cycles.  Based  on  these  data,  a  strain  range  of  8000  pin.  /in. 
was  selected  as  the  initial  test  value  to  provide  a  minimum  life  of  5000  cycles.  Selec¬ 
tion  of  other  strain  values  for  the  test  bellows  was  based  on  the  results  of  tests  of  the 
first  few  bellows. 

With  a  strain  range  of  8000  pin.  /in. ,  and  with  an  annealed  material  with  an  elastic 
limit  equal  to  a  strain  amplitude  of  approximately  ±1500  pin.  /in. ,  a  bellows  would 
undergo  significant  plastic  strain.  For  this  condition  it  was  difficult  to  envision  the  re¬ 
lation  between  strain  and  bellows  deflection,  'herefore,  it  was  decided  that  this  rela¬ 
tionship  should  be  examined  before  the  fatigue  tes.s  of  the  bellows  were  initiated. 

When  the  initial  strain-deflection  tests  had  been  conducted,  50  Type  321  stainless 
steel  formed  bellows  were  tested  to  failure  in  fatigue  under  different  conditions  of  de¬ 
flection  and  pressure. 


Investigation  of  Large-Strain-Deflection  Characteristics 
in  Type  321  Stainless  Steel  Formed  BellowB 


A  bellows  may  be  compared  to  several  fatigue  specimens  (one  for  each  convolu¬ 
tion)  connected  in  series.  With  all  of  the  material  in  the  elastic  state,  the  strains  could 
be  determined  by  the  elastic  stress  analysis  described  in  Appendix  B,  As  the  material 
began  to  yield  at  the  high-stress  loc  i  ;ions,  however,  the  effect  of  continued  deflection  on 
the  various  strains  in  the  bellows  was  not  clear.  The  major  questions  concerning  the 
partially  plastic  behrvior  of  a  bellows  were: 
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(1)  Once  yielding  started,  would  continued  deflection  of  the  bellows 
be  accommodated  for  the  most  part  at  the  yielding  locations,  or 
would  nonyielding  portions  continue  to  show  significant  increases 
in  strain? 

(.2)  If  the  bellows  were  compressed  or  extended  sufficiently  to  cause 
local  yielding,  would  the  return  of  the  bellows  to  zero  deflection 
result  in  zero  local  strain? 

(3)  How  much  difference  in  local  strain  range  would  occur  for  the 
same  range  of  deflection  obtained  by  two  different  loadings,  such 
as  zero  to  compression,  and  compression  to  tension? 

(4)  How  closely  could  a  local  strain  range  of  8000  fiin.  /in. ,  associated 
with  a  minimum  life  of  5000  cycles,  be  approximated  from  the 
elastic  theory? 

(5)  In  a  bellows  undergoing  significant  yielding,  would  the  strain 
range  at  the  points  of  yielding  remain  constant  during  successive 
cycles?  Work  hardening,  for  instance,  might  result  in  increased 
resistance  to  yielding  and  a  change  in  local  strain  range. 

(6)  Would  the  introduction  of  significant  constant  pressure  in  a  bel¬ 
lows  alter  the  relationship  between  total  strain  range  and  cycles 
to  failure  because  of  the  resulting  change  in  the  mean  strain 
level? 

Tests  were  made  with  a  strain-gaged  5-inch  formed  bellows  to  investigate  these 
questions.  Figure  L-l  shows  a  cross  section  of  a  similar  bellows,  while  Figure  L-2 
shows  an  enlarged  view  of  the  bellows  convolutions.  Figure  L-3  shows  the  location  of 
the  1 /64-inch  strain  gages  which  were  used  to  measure  representative  meridional  and 
circumferential  strains  in  the  bellows. 

The  tests  were  conducted  in  a  Baldwin-Lima-Hamilton  universal  testing  machine. 
Pressures  were  measured  to  within  ±0.  50  percent,  while  deflections  were  measured  to 
within  ±0.0001  inch.  One  bellows  end  fitting  was  clamped  to  the  bottom  platen  of  the 
machine.  The  other  end  fitting  pushed  against  a  steel  ball  centered  in  the  upper  platen. 
An  internal  pressure  of  10  psi  was  used  for  one  series  of  tests  to  simulate  the  fatigue 
tests  that  would  be  run  with  a  low  internal  pressure.  A  second  type  of  test  was  made 
with  50-psi  internal  pressure  to  simulate  fatigue  tests  to  be  conducted  with  50-psi  in¬ 
ternal  pressure.  A  third  type  of  test  to  be  conducted  with  100-psi  internal  pressure  was 
not  run  because  the  bellows  squirmed  during  the  first  compression  stroke. 

Figure  L-4  summarizes  the  strain  conditions  at  the  gage  showing  maximum  strain 
(Gage  No.  18).  To  simplify  reporting  the  values  plotted  in  Figure  L-4  and  the  values 
tabulated  in  the  pertinent  tables  are  the  actual  readings  of  the  strain  gages.  To  make 
the  results  in  Figure  L-4  more  generally  meaningful,  a  scale  has  been  added  to  the  x- 
axis  showing  the  corrected  strain  occurring  at  the  surface  of  the  metal.  The  tests  are 
discussed  chronologically  because  the  strain-gage  readings  at  the  start  of  each  test 
were  somewhat  influenced  by  the  conditions  of  the  preceding  test. 
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Investigation  of  Nonlinearity 


The  first  test  v/as  conducted  to  investigate  the  degree  of  nonlinearity  in  the  maxi¬ 
mum  strain-bellows -compression  relationship  for  a  strain  amplitude  (1/2  strain  range) 
approximately  that  required  (4000  pin.  /in.)  for  a  bellows  life  of  5000  cycles.  Table  L-l 
shows  the  increments  of  change  for  each  strain  gage  as  the  bellows  was  compressed  in 
increments  of  0.0625  inch.  (Gages  Nos.  11  and  12  measured  circumferential  strains 
while  Gages  Nos.  13  through  19  measured  meridional  strains.)  The  increments  of 
change  for  Gage  No.  18  are  plotted  in  Figure  L- 4. 

It  was  apparent  that  yielding  occurred  at  the  roots  of  the  inner  convolutions  where 
Gages  Nos.  18  and  19  were  located.  However.,  in  answer  to  the  first  question,  an 
examination  of  all  gages  showed  that,  despite  substantial  yielding  at  the  inner  convolu¬ 
tions,  the  other  locations  in  the  bellows  continued  to  experience  significant  increases  in 
strain,  although  at  a  reduced  rate  of  increase. 

As  shown  in  Figure  L-4,  a  significant  departure  from  linearity  occurred  at  a  com¬ 
pression  of  about  0.  375  inch  at  a  surface  strain  of  about  2500  pin.  /in.  —  corresponding 
to  a  stress  of  about  72,  500  psi  (S  =  E£  =  29  x  10^  x  0.0025).  This  was  well  above  the 
yield  strength  of  annealed  Type  321  stainless  steel  and  presumably  was  due  to  combina¬ 
tions  of:  (1)  work  hardening,  (2)  differences  between  the  development  of  plastic  strain 
due  to  bending  as  compared  to  that  in  tension,  and  (3)  biaxiality  of  stress,  inhibiting 
yielding. 


Investigation  of  Residual  Strain 

Following  the  first  test,  the  bellows  was  returned  to  zero  deflection.  The  gage 
readings  at  this  point  are  shown  in  Column  3  (Second  0  Deflection)  of  Table  L-2.  The 
reading  for  Gage  No,  18  is  plotted  in  Figure  L-4. 

It  was  apparent  that  Gages  Nos.  18  and  19  registered  significant  amounts  of  resi¬ 
dual  tensile  strain.  However,  the  other  gages,  which  had  registered  tensile  strain  dur¬ 
ing  compression,  showed  some  residual  compressive  strain.  (These  measured  residual 
strains  were,  of  course,  in  addition  to  whatever  residual  strains  existed  in  the  as- 
received  bellows.)  These  readings  were  compatible  with  the  existence  of  a  cignificant 
residual  compressive  stress  at  the  convolution  crowns  and  at  the  convolution  roots. 


Investigation  of  Strain  Repeatability 


A  test  of  strain  repeatability  was  conducted  by  deflecting  the  bellows  three  addi¬ 
tional  times  between  zero  deflection  and  the  final  compression  value  (0.492  inch).  The 
strain-gage  readings  for  the  cycles  are  recorded  in  Table  L-2.  For  clarity,  only  the 
first  of  these  additional  cycles  is  plotted  in  Figure  L-4. 

A  comparison  of  Gages  Nos.  11  through  17  shows  a  remarkable  similarity  between 
the  readings  at  the  second  zero  deflection,  and  the  readings  at  the  fifth  zero  deflection. 
Even  for  Gage  No.  18,  a  change  of  1 60  pin.  /in.  between  these  two  readings  did  not  seem 
to  be  significant  as  compared  with  the  strain  range  for  this  gage  of  approximately 
4115  pin.  ,/in.  Further,  a  comparison  of  successive  readings  for  Gage  No.  18  showed 
that  the  differences  were  successively  smaller  -  there  was  a  difference  of  only  25  pin.  / 
in.  between  the  fourth  and  fifth  zero  deflection. 
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Comparison  of  Strains  Due  to  Compression 
and  Strains  Due  to  Extension 

It  was  not  clear  because  of  the  residual  stresses  what  strains  would  be  generated 
when  the  bellows  deflection  was  reversed.  To  investigate  this  condition,  the  bellows 
was  extended  in  increments,  and  after  each  increment  of  extension,  the  bellows  was 
returned  to  a  specified  initial  amount  of  compression.  A  compression  value  of  0.469 
inch  was  selected.  Table  L-3  shows  the  gage  readings  for  incremental  additions  of  ex¬ 
tension  to  a  total  extension  of  0.375  inch.  Since  the  strain  at  Gage  No.  18  had  exhibited 
the  strain  range  of  interest,  no  further  extension  was  tested.  The  first  cycle  and  part 
of  the  final  cycle  are  shown  in  Figure  L-4. 

The  meaning  of  these  cycles  is  further  understood  if  comparisons  are  made  for 
each  cycle  of  the  strain  per  unit  deflection  for  Gage  No.  18  -  the  gage  showing  the 
largest  strain.  These  values  are  shown  in  Table  L-4.  The  first  column  represents 
elastic  strain  at  Gage  No.  18.  An  examination  of  Tables  L-3  and  L-4  and  Figure  L-4 
leads  to  the  following  conclusions  concerning  the  questions  asked  previously:  (1)  within 
a  maximum  strain  range  of  6300  pin.  /in.  (8000  pin.  /in.  at  the  gage)  all  gage  locations 
of  the  bellows  continued  to  experience  strains  essentially  within  10  percent  as  predicted 
by  the  elastic  theory,  (2)  at  a  location  experiencing  a  strain  range  of  6300  pin.  /in.,  the 
strain-bellows -deflection  curve  (see  Figure  L-4)  showed  a  slight  hysteresis  effect, 

(3)  within  the  deflection  conditions  investigated,  after  the  first  few  cycles,  the  amount 
of  strain  was  determined  by  the  total  bellows  stroke,  not  by  the  percent  of  stroke  in 
tension  or  compression,  and  (4)  for  a  maximum  strain  range  of  6300  pin.  /in. ,  all  strain 
ranges  remained  relatively  constant  during  successive  bellows  cycles. 


Investigation  of  Effect  of  50-Psi 
Internal  Pressure 


To  investigate  the  effects  of  a  higher  constant  internal  pressure  (causing  changes 
in  mean  stress  level  and  possible  changes  in  bellows  shape),  gage  readings  were  taken 
as  the  bellows  was  deflected  between  0.375-inch  compression  and  0,375-inch  tension 
with  50-psi  internal  pressure.  The  results  are  shown  in  Table  L-5.  The  values  for 
Gage  No.  18  are  plotted  on  Figure  L-4.  Examination  of  these  results  shows  that  the 
strain-deflection  characteristics  of  the  bellows  with  50-psi  internal  pressure  were 
generally  similar  to  those  of  the  bellows  with  10-psi  internal  pressure.  The  largest 
difference  noted  was  that  Gage  No.  18  showed,  for  50  psi,  a  corrected  strain  difference 
of  5600  pin.  / in.  (uncorrected  7120  pin.  /in.)  for  a  deflection  from  0.  375-inch  tension 
to  0.  375-inch  compression,  in  comparison  to  a  corrected  strain  difference  with  10-psi 
internal  pressure  of  5460  pin,  /in.  (uncorrected  6940  pin.  /in.)  for  a  deflection  from 
0.  3125-inch  tension  to  0.  4687-inch  compression.  This  represented  an  increase  in 
strain/deflection  rate  of  about  6  percent  with  an  increase  in  internal  pressure  from 
10  psi  to  50  psi. 


Investigation  of  Effect  of  100-Psi 
Internal  Pressure 


An  attempt  was  made  to  deflect  the  bellows  between  0.  375-inch  compression  and 
0.  375-inch  tension  with  100-psi  internal  pressure.  At  a  compression  of  0.370  inch,  the 
bellows  squirmed,  as  shown  in  Figure  L-5.  At  the  time  it  was  thought  that  the  bellows 
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squirmed  because  the  upper  end  fitting  was  not  rigidly  attached  to  the  platen  of  the  test- 
ing  machine.  As  determined  subsequently,  however,  an  internal  pressure  of  100  psi  was 
sufficient  to  cause  deformation  in  the  bellows  even  with  both  bellows  end  fittings  rigidly 
fastened,  when  the  stroke  was  fairly  large. 


Investigations  With  3-  and  1-lnch  Formed 
Bellows 

Tests  with  the  5-inch  bellows  showed  that,  up  to  deflections  producing  strains  ap¬ 
proximately  6300  pin.  /in. ,  the  strain-deflection  behavior  was  approximately  linear. 

The  results  of  similar  tedts  with  3-inch.bellows  and  1 -inch  bellows,  summarised  in 
Table  L-6,  were  generally  similar.  It  was  decided  that  the  3-inch  bellows  probably 
showed  higher  nonlinearity  with  internal  pressure  because  the  more  flexible  convolutions 
were  deformed  more  by  the  pressure,  resulting  in  a  somewhat  altered  convolution 
shape. 


Fatigue  Tests  of  5r,  3-,  and  1 -Inch  One-Ply, 
and  3-  and  I?  Inch  Two-Ply  Bellows 


The  details  of  the  fatigue-test  equipment  are  contained  in  Appendix  Q,  while  the 
test  bellows  are  described  in  Appendix  P.  Although  the  tests  described  above  indicated 
that  there  was  little  effect  on  local  strain  behavior  due  to  different  amounts  of  constant 
internal  pressure  or  to  different  amounts  of  percent  stroke  in  compression,  the  state- 
of-the-art  survey  that  was  completed  earlier  in  the  program  indicated  that  these  two 
factors  had  been  found  to  affect  bellows  fatigue  life.  Therefore,  the  fatigue  test  program 
was  planned  to  include  examination  of  these  effects.  The  program  had  three  primary 
objectives:  (1)  the  determination  of  the  correlation  between  the  strain  and  fatigue  life  of 
metal  coupons,  and  the  strain  and  fatigue  life  of  bellows  at  two  general  life  values  - 
5000  cycles  and  50,  000  cycles,  (2)  the  determination  of  the  effect  oh  bellows  fatigue  life 
caused  by  the  percent  stroke  in  compression,  and  (3)  the  determination  of  the  effect  on 
bellows  fatigue  life  caused  by  constant  internal  pressure.  (The  fatigue  program  did  not 
include  direct  studies  of  cyclic  pressure  because  the  stress-analysis  program  makes  it 
possible  to  calculate  the  total  strain  range  due  to  cyclic  deflection  and/or  cyclic  pres¬ 
sure.  Thus,  the  tests  simulated  combinations  of  cyclic  deflection  and  pressure.) 

Three  basic  test  conditions  were  established:  (1)  bellows  were  to  be  tested  at  two 
general  strain  levels:  at  a  level  commensurate  with  a  minimum  life  of  5000  cycles,  and 
at  a  level  commensurate  with  a  minimum  life  of  50,000  cycles,  (2)  bellows  were  to  be 
tested  with  50  percent  of  the  stroke  in  compression,  and  with  100  percent  of  the  stroke 
in  compression,  and  (3)  bellows  were  to  be  tested  with  negligible  internal  pressure,  and 
with  a  reasonably  high  constant  internal  pressure.  The  bellows  were  tested  in  pairs. 

In  each  pair,  all  test  conditions  were  identical  except  that  one  bellows  was  mounted  so 
50  percent  of  the  stroke  would  be  in  compression  from  the  relaxed  position,  and  the 
other  bellows  was  mounted  so  100  percent  of  the  same  stioke  would  be  in  compression 
from  the  relaxed  condition.  In  successive  pairs  of  bellows  the  internal  pressure  was 
changed  from  a  very  low  value  to  as  high  a  value  as  the  bellows  would  permit  without 
deformation.  When  one  bellows  of  a  pair  failed  the  other  bellows  was  kept  on  test,  even 
though  the  internal  pressure  fluctuated  somewhat  because  of  deflection.  This  procedure 
greatly  reduced  the  cost  of  the  test  specimens,  and  the  amount  of  pressure  fluctuation 
did  not  seem  to  cause  early  failure  of  the  remaining  bellows. 
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During  the  first  tests  with  the  5 -inch  bellows,  it  was  apparent  that  the  fatigue  life 
of  the  bellows  was  significantly  shorter  for  a  given  strain  range  than  the  fatigue  life 
indicated  by  available  coupon  data.  Therefore,  as  the  subsequent  tests  were  conducted, 
the  selection  of  the  test  strain  ranges  was  based  on  the  preceding  bellows  tests,  rather 
than  on  the  coupon  data. 

The  results  of  the  fatigue  tests  of  all  the  Type  321  stainless  steel  bellows  are 
listed  in  Tables  L-7  through  L-l  1.  The  results  are  plotted  in  Figure  L-6  in  terms  of 
logarithm  of  strain  range  vs.,  logarithm  of  number  of  cycles  to  failure.  Figure  L-6  also 
shows  the  results  of  re  versed -bending  fatigue  tests  of  sheet  specimens  of  materials  of 
the  class  of  the  Type  321  stainless  steel  used  in  the  bellows  (fatigue  data  on  the  actual 
bellows  materials  were  not  available). 


Results  of  Bellows  Fatigue  Tests  in  Comparison 
to  Results  of  Metal-Coupon  Fatigue  Tests 

In  Figure  L-6,  the  results  of  fatigue  tests  on  metal  coupons  are  indicated  as  falling 
within  a  "scatter  band"  having  a  significantly  large  width  in  lifetime.  This  is  a  con¬ 
venience  in  the  subsequent  discussion,  but  it  should  not  be  considered  to  have  funda¬ 
mental  significance  because:  (1)  the  available  data  are  for  varied  materials  and  heats, 

(2)  the  condition  of  each  material  is  not'  known  precisely  (although  most  are  believed  to 
have  been  annealed),  and  (3)  there  are  not  enough  data  for  any  material  to  provide 
statistically  significant  measures  of  variance. 

Considering  the  scatter  band  drawn  for  the  coupons,  as  a  reference,  it  may  be 
noted  that  the  results  of  the  fatigue  tests  on  the  bellows  fall  in  a  still  wider  band  (the  ex¬ 
tent  of  scatter  observed  in  the  bellows  is  discussed  subsequently)  that  is  lower  than,  but 
slightly  overlaps,  the  coupon  band.  There  are  several  reasons  why  the  values  for  the 
bellows  would  be  expected  to  be  different  from  those  for  the  coupons:  (1)  variations  in 
convolution  shape  and  in  material  thickness  may  result  in  strain  ranges  different  from 
those  calculated  by  the  representative  model,  (2)  each  failure  would  be  expected  to  occur 
at  the  "weakest"  convolution  (analogous  to  the  shortest  fatigue  lifetime  of  several  speci¬ 
mens  tested  at  once)^  (3)  the  strains  in  the  bellows  were  biaxial,  in  contrast  to  the  uni¬ 
axial  straining  of  the  metal  coupons,  (4)  in  some  bellows  tests  there  was  a  nonzero  mean 
strain,  and  (5)  the  surface  finish  of  the  bellows  was  not  the  highly  polished  condition  of 
some  of  the  coupons.  Most  of  these  factors  would  be  expected  to  result  in  bellows  life¬ 
times  less  than  those  for  coupons  undergoing  the  same  range  of  cylic  strain. 

In  general,  it  might  be  anticipated  that  the  bellows  fatigue-test  results  would  fall 
within  a  band  lower  than  (or  overlapping  the  low  edge  of)  the  band  for  the  coupons.  How¬ 
ever,  factor  (2)  of  the  five  listed  above  would  suggest  a  relatively  narrow  band  for  the 
bellows  -  since  there  would  usually  be  a  weak  spot  among  the  several  convolutions  in 
each  bellows.  The  wide  range  of  scatter  may  be  attributed  to  factors  (1)  and  (4),  and 
this  is  discussed  subsequently. 


Comparison  of  Results  of  Various 
Bellows  Fatigue  Tests 

Although  it  is  possible  to  note  that  the  results  for  one  group  of  bellows  (for  exam¬ 
ple,  the  5-inch,  one-ply  bellows)  indicate  apparently  lower  life  for  a  particular  strain 
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range  than  another  group  (for  example,  the  3-inch,  one-ply  bellows),  in  view  of  the 
considerable  scatter  such  speculation  has  questionable  value.  It  is  interesting  to  note 
that  the  values  for  the  two  groups  of  two-ply  bellows  fit  in  with  the  values  for  the  three 
groups  of  single-ply  bellows.  This  observation  substantiates  the  discussion  in  Appen¬ 
dix  G,  which  concludes  that  the  deflection  strains  for  the  one-  and  two-ply  bellows  were 
essentially  the  same. 

Of  the  20  pairs  (40  bellows)  of  different  degrees  of  stroke  in  compression  in  which 
at  least  one  failure  occurred,  5  pairs  showed  negligible  differences  in  lifetime,  8  pairs 
showed  shorter  lifetime  for  the  bellows  with  100  percent  compression,  and  7  pairs 
showed  shorter  lifetime  for  the  bellows  with  50  percent  compression.  It  is  concluded 
that,  within  the  test  specimens  and  conditions  investigated,  there  was  no  clear  effect  of 
varying  the  stroke  from  100  percent  compression  to  50  percent  compression  (with  the 
same  strain  range).  It  may  be  noted  that  there  is  some  limited  evidence  in  the  litera¬ 
ture  that  within  the  range  of  lifetime  (5000  cycles  to  50,000  cycles)  for  this  material 
(Type  321  stainless  steel)  the  range  of  strain  that  can  be  withstood  to  a  specified  life¬ 
time  is  not  sensitive  to  the  level  of  mean  strain.  Hence,  possible  effects  of  changing 
the  degree  of  stroke  in  compression  might  be  masked  by  scatter. 

For  the  13  pairs,  of  bellows  for  which  effects  of  pressure  may  be  compared,  six 
show  higher  life  at  the  lower  pressure,  one  shows  the  reverse,  and  five  show  negligible 
effect.  There  appears  to  be  a  siight  indication  that  an  increase  in  internal  pressure 
causes  a  decrease  in  fatigue  lifetime.  It  will  be  recalled  that  for  a  significant  increase 
in  internal  pressure  (10  to  50  psi),  the  5-inch  bellows  showed  a  small  (4  percent)  in¬ 
crease  in  strain  range  for  a  particular  stroke.  In  general,  the  tendency  for  slight  de¬ 
crease  in  lifetime  with  increasing  pressure  seems  compatible  with  the  small  effect  of 
mean  strain,  and  a  small  effect  on  strain-deflection  characteristics,  and  the  masking 
of  such  effects  by  the  scatter  in  the  bellows  fatigue  tests.  It  should  be  noted  that  this 
tendency  (for  a  specified  deflection  stroke)  cannot  be  safely  extrapolated  beyond  the 
conditions  of  these  tests.  Further,  as  previously  noted,  large  internal  pressures  can 
cause  excessive  deformations. 

The  scatter  of  results  of  the  bellows  fatigue  tests  is  largely  attributable  to  varia¬ 
tions  in  geometry  (even  from  one  convolution  to  another  in  a  specific  bellows).  Related 
to  variations  in  geometry  may  be  variations  in  local  thinning  and  local  work  hardening 
of  material.  The  computed  strain  ranges  are  based  upon  models  of  the  bellows  geom¬ 
etry,  and  details  of  geometry  can  influence  greatly  the  values  of  the  computed  strains 
(see  Appendix  E).  Hence,  if  any  convolution  differs  in  detail  from  the  model  selected 
for  that  bellows,  the  actual  strain  range  it  undergoes  for  a  specified  stroke  and  internal 
pressure  may  differ  significantly  from  the  value  assigned  in  the  fatigue  test. 


Conclusions 

(1)  The  results  of  the  fatigue  tests  are  compatible  with  available  strain-range- 
cycle  data  on  the  materials  and  with  values  of  strain  ranges  computed  by 
elastic  theory. 

(2)  In  nearly  every  case  (26  out  of  29),  failure  was  at  a  convolution  root, 
where  theory  predicted  the  highest  strains.  In  three  exceptions  failures 
were  at  the  locations  (crowns)  of  next  highest  theoretical  strain. 
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(3)  There  was  no  significant  difference  between  the  behavior  of  one-ply 

and  of  two-ply  bellows  under  strain  ranges  determined  by  elastic  theory. 

(4)  Within  the  test  specimens  and  conditions  investigated,  there  was  no 
clear  effect  on  bellows  fatigue  life  of  variations  in  internal  pressure 
(provided  the  bellows  was  not  deformed),  or  of  varying  the  stroke  from 
100  percent  compression  to  50  percent  compression  (with  the  same 
strain  range). 

(5)  Based  upon  the  lower  broken  line  in  Figure  L-6  (minimum  observed 
lifetime)  and  the  arbitrary  use  of  a  factor  of  2  times  the  design  life¬ 
time,  these  Type  321  stainless  steel  bellows  should  not  be  operated 
over  a  strain  range  more  than  4200  jiin.  /in.  for  a  minimum  expected 
lifetime  of  5000  cycles,  nor  at  a  strain  range  of  more  than  3000  juin.  / 
in.  for  a  minimum  expected  lifetime  of  50,  000  cycles.  These  values 
could  probably  be  increased  for  bellows  that  are  very  uniform  and 
can  be  modeled  accurately.  On  the  other  hand,  it  is  equally  probable 
that  the  values  should  be  decreased  for  some  bellows  that  are  commer¬ 
cially  available. 
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TABLE  L-3-  STRAIN-GAGE  READINGS  FOR  INCREMENTAL  INCREASES  IN  DEFLECTION  OF  5-IKCH  FORMED 
BELLOWS;  UNIFORMITY  OF  READINGS  AFTER  6  FINAL  DEFLECTION  CYCLES— 10  PSI 
INTERNAL  PRESSURE 
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Deflection  Deflect  less 

Deflection 

Tension 

Tbnalon 

Tension 

Tension 

Tension 

Tension 

to  0.250 

to  0.313 

to  0.469 

to  0.16? 

to  O.I69 

to  0.169 

to  0.169 

to  O.I69 

to  0.138 

Coapreulce  C c 

enpression 

Ccesressiot) 

■'vliHvl 

Coacrestion 

lk.  -MVfc-M  »<%■—*.  >rr 

Maximum  Gage 
Reeding 

16,730 

17,290 

20,135 

20,250 

20,275 

20,330 

20,360 

20,550 

20,290 

Mlnlaua  Gage 
Reading 

lb, 655 

lb, 655 

16,205 

15,205 

11,635 

11,030 

13,120 

12,865 

12,250 

Difference 

In  Readings 

2,075 

2,635 

3,960 

5,015 

5,610 

6,300 

6,9lO 

7,685 

8,do 

Corrected 

6,060 

6,320 

Straln*b\ 

nin/dn- 

1,635 

2,070 

3,135 

3,970 

1,110 

1,950 

5,500 

Bellows  De¬ 
flection,  in. 

0.250 

0.313 

0.169 

0.591 

0.657 

0.719 

0.762 

0.811 

0.876 

Strain  per 
Deflectioni 

6,5bO 

6,630 

6,670 

6,700 

6,770 

6,920 

6,990 

7,160 

7,220 

n in/ In. 

Diff.  in  Strain 
per  Deflection 
from  1st  Col., 

- 

+102 

+142 

+157 

+236 

+388 

-165 

+637 

+701 

Pin/ in.2 

i  Diff.,  Strain 
per  deflection, 
from  1st  Col. 

- 

1.6 

2.2 

2.4 

3.6 

5.3 

7-1 

9.8 

10.1 

(a)  At  the  location  of  maximum  observed  strain, 

Osge  No.  18. 

(b)  See  Appendix  ft  (reading*  divided  by  1.273). 


TABLE  L-5 .  EFFECT  OF  50-PSI  INTERNAL  PRESSURE  CM  STRAINS  OF  COMPRESSED  AND  EXTENDED 
5-INCH  FORMED  BELLOWS 


Original 

Nevr®^ 

Gage  Readings  at  Deflection  Extremes,  inch 

SSaS3^J^ 

10-psi 

10-psi 

50-pSi 

50-pci 

50-psi 

50-psi 

50-psi 

50-psi 

50-psi 

50-psi 

50-psi 

50-psi 

Gage 

0 

0 

0 

0.375 

0.375 

0.188 

0.183 

0.375 

0.188 

0.138 

0.375 

0 

No. 

Deflect. 

Deflect . 

Deflect. 

Conor. 

Tension 

Tension 

Compr . 

Tension 

Tension 

Defies . 

11 

11,150 

11,120 

11,370 

12,115 

10,110 

10,885 

11,750 

12,110 

11,720 

10,870 

10,390 

11,330 

12 

11.035 

11,070 

11,015 

11,780 

10,135 

10,610 

11,110 

11,760 

u,iio 

10,585 

10,130 

U.015 

13 

16,575 

16,510 

15,830 

17,950 

13,570 

11,590 

16,665 

17,730 

16,68? 

11,605 

13,565 

15,615 

11 

15,030 

.  15,015 

11,305 

16,000 

12,525 

13,100 

15,070 

15,860 

15,065 

13,395 

12,560 

11,285 

15 

13,305 

13,330 

12,670 

11,570 

10,525 

11,515 

13,150 

11,365 

13,395 

11,505 

10,565 

12,515 

16 

11,335 

11,360 

13,680 

15,760 

11,110 

12,180 

11,560 

15,600 

11,575 

12,500 

11,160 

13,550 

17 

15,050 

15,050 

11,125 

16,110 

12,330 

13,330 

15,300 

16,285 

15,310 

13,350 

12,370 

11,330 

10 

11,655 

16, 620 

17,155 

20,715 

13,915 

15,575 

18,975 

21,065 

19,185 

16,050 

11,130 

17,390 

19 

16,650 

17,560 

18,600 

21,710 

15,330 

16,900 

20,100 

21,880 

20,290 

17,090 

15,365 

18,175 

(a)  After  tests  described  In  Tibiea  L-l  through  L-t. 
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tails  l-6.  smoky  cr  ieucticsi  cokhtiobs  ass  scums  ra  3-  ass  i-dce  bblchs 


3-lsch  Believe _ -  - _ 1-lncfc  Btllcvs  _ _ 

o.oto  0.205  0.310  0T205  0T20?  0T3I0  5T^o  oTToo  0.175  £333  Of?  6.if5 

Tension  Tension  Tension  Tension  Tension  Tension  Tension  Tension  Tension  Tension  Tension  Tension 
to  0.06)  to  0.205  to  0.31*0  to  0.205  to  0.205  to  0.3IO  to  0.060  to  0.100  to  0.175  to  0.100  to  0.175  to  0.1T5 
Coup-.'.  Ccnpr.  Cc*pr.  Ccnpr.  Csmpr.  Ccmpr  ■  Ccmpr,  Ccnpr .  Compr.  Csgpr.  Conpr.  Compr. 

0  P»1  0  psl  0  pel  25  psi  50  psl  25  nsl  O  ust.  0  psi  0  nsl  50  psl  25  psl  50  psl 


Maximum  Gage 
Reading 

22,935 

21,265 

25,100 

33,550 

35,055 

Minimus:  Gage 
Reading 

21,680 

19,850 

17,560 

28,690 

30,070 

Difference  in 
Readings 

1,255 

1,115 

7,810 

1,860 

1,985 

Corrected 
Strain*6), 
win/ in. 

512 

3,210 

5,690 

3,535 

3,620 

Bellows  Deflec¬ 
tion,  in. 

0.120 

0.110 

0.630 

0.110 

O.llO 

Strain  per 
Deflection, 
win/in. 

7,560 

7,000 

8,360 

8,610 

8,900 

Diff  in  Strain 

per  Deflection, 
from  1st  Col., 
win/in. 

- 

■*110 

♦800 

+1,080 

■1,210 

i  Diff.,  Strain 
per  Deflection, 
from  1st  Column 

- 

*1.9 

+10.6 

+11.3 

+16.1 

35,035 

18,360 

19,250 

21,060 

20,115 

21,820 

23,090 

26,200 

15,655 

11,720 

13,365 

15,810 

13,730 

11,900 

3,885 

2,705 

1,530 

7,655 

1,605 

8,050 

8,190 

6,150 

1,690 

2,830 

1,790 

2,880 

5,050 

5,110 

0.680 

0.120 

0.200 

0.35C 

0.200 

0.350 

0,350 

9,190 

31,100 

11,150 

13,700 

11,100 

11,150 

11,600 

*1,930 

- 

+50 

-100 

+300 

+350 

+500 

*25-5 

*0.3 

-2.3 

+2.1 

+2-5 

+3.5 

(a)  See  Appendix  4  (readings  divided  by  1.375  for  3-lneh  bellows,  and  1.600  for  1-ineh  bellows). 


TABLE  L-7  •  RESULTS  OF  FATIGUE  TESTS  OF  5-INCH  ONE-PLY  FORMED  BELLOWS  (32  CONVOLUTIONS) 
(Test  Conditions:  Room  temperature,  60  cpo--see  text  for  other  details) 


Bellows 

No. 

Total 

Stroke, 

inch 

i  Stroke 
in 

Compression 

Internal 

Pressure, 

psi 

Local^ 

Strain 

Range, 

win/lr.. 

Cycles  tc 
Failure 

Failure  Location^,  Remarks 

JB89 

0.875 

50 

8 

1137 

10,817 

Crown  No.  7,  100°  from  weld— low  stress  re¬ 
gion,  corrosion  pit 

JD57 

0.575 

100 

8 

11 37 

20,677 

Root  No.  2,  110°  to  205°  from  veld 

JD90 

0.875 

50 

8 

1137 

17,771 

Root  No.  10,  350“  freo  weld 

JD/3 

0.875 

50 

50 

1137 

11,951 

Root  No.  7,  150°  from  weld,  corrosion  pit 

JD95 

0.875 

100 

50 

113/ 

7,728 

Root  No.  1,  255"'  to  260°  from  weld 

JD94 

0.875 

100 

50 

1137 

>7,226 

Did  not  faU--v*s  uced  to  replace  JD95 
vbile  JD93  va?  tested 

JD3? 

0.87S 

50 

100,  8 

1137 

360  at  100  psl 
♦2,,6l  at  8  psi 

Root  No,  11,  233°  to  300°  from  veld; 
deformed  after  3C0  cycles  at  lto  psi,  and 
tost  was  cc  -plated  at  8  psi 

JD>1 

0.875 

100 

ICO,  8 

H37 

360  at  100  psl 
*6236  at  3  psi 

Root  No.  1,  185®  to  2C05  I'rcr.  veld.  De¬ 
formed  after  360  cycles  at  100  psi  and 
test  v  1 ;  crnpleted  at  8  psi 

JD03 

0.5*2 

50 

8 

2698 

282,928 

Root  N'.  1,  j0°  from  weld 

JD,6 

0.532 

100 

8 

2651 

>761,321 

Did  not  fell 

(«)  Maxi rum  strain  range  at  convolution  o  at,  calcnijteOI  tvcrs  elastic  theory. 

(b)  Range  of  angle  indicate'*  approximate  lenth  i.*'crae>.  Abler.'"  of  n  -tod  rar  d;:nto.,  email  crack. 


L- 1 2 


TAILS  L-8.  RE8U.T8  OF  FATIGUE  TESTS  OF  3-UCH  CM-PLT  FQMED  BELLOWS  (10  COBTOOTXC*) 
(Te*t  Condition*:  Scon  temperature,  6c  cim--aee  text  for  other  detail*) 


Bellows 

So. 

Total 

Stroke, 

Inch 

J  Stroke 

Is 

Compression 

Internal 

Pressure, 

cal 

tocal^ 

Strain 

Range, 

iiln/ln. 

Cycles  to 
Failure 

Fa' lure  Location^0  Roark* 

JD66 

0.680 

50 

e 

5773 

6,273 

Root  No.  9,  60*  to  130°  fra*  veld 

JDft 

0.683 

100 

8 

5773 

10,777 

Root  Bo.  2,  270s  to  S60°  fro  veld,  and 

Root  lo.  9,  230°  to  240°  from  veld 

JW2 

0.680 

50 

25 

5773 

4,624 

Root  lo.  1,  -270®  to  300°  fro  veld 

JD71 

0.680 

100 

25 

5773 

5,728 

Root  Bo.  9,  200®  to  210®  fro  veld 

JD6e 

0.613 

50 

5 

5178 

52,539 

Hoot  Bo.  9,  0°  to  2°  fro  veld  (trans¬ 
verse  heat-affected  zone  crack) 

JD63 

0.610 

100 

5 

5178 

22,012 

Root  Bo.  2  et  veld  and  Root  Bo.  1*  at  veld 

JD6l 

0.410 

50 

e 

31*80 

500,003 

Crovn  Ho.  10  at  veld 

JD67 

O.UlO 

100 

8 

3460 

136,537 

Root  No.  2  at  veld,  and  Root  No.  3  at  veld— 
longitudinal- veld  centerline  crack 

JD64 

0.1*10 

50 

25 

3730 

306,727 

Crown  Ho.  10  at  veld 

JDTO 

0.410 

100 

25 

31*30 

357,790 

Root  No.  6>  longitudinal -veld  centerline  crack 

(a)  Maximum  strain  range  at  convolution  root,  calculated  free:  elastic  theory. 

(b)  Range  of  angle  indicates  approximate  length  of  crack.  Absence  of  listed  range  denotes  small  circumferential 
crack  (transverse  to  the  veld) . 


TABLE  L-9-  RESULTS  01’  FATIGUE  TESTS  OF  1-INCH  ONE- PL'/  FORMED  BELLOWS  (8  CONVOLUTIONS) 
(Test  Conditions:  Room  temperature,  60  cpm— see  text  for  other  details) 


Bellows 

No. 

Total 

Stroke, 

Inch 

$  Stroke 
In 

Compression 

Internal 

Pressure, 

psi 

Local 

Strain 

Range, 

uln/ln. 

Cycles  to 
Failure 

Failure  Location^.  Remarks 

JD32'°^ 

0.350 

50 

8 

5931 

25,^30 

Soot  No.  7,  200°  tu  305°  from  veld 

jue6 

0.350 

100 

3 

5931 

5,610 

Root  No.  4,  £30°  to  335°  from  veld 

JD30 

0.350 

50 

50 

5931 

1,607 

Root  No.  7,  120°  to  155°  from  veld 

JD27 

0.350 

100 

50 

5931 

3,529 

Root  No.  4,  1*0°  to  75°  from  veld 

JD25 

0.300 

50 

8 

508* 

33,359 

Root  No.  2,  at  270°  frem  veld 

JD33 

0.300 

100 

8 

5081 

6,773 

Root  No.  2,  240°  to  315°  from  veld 

jde4 

0.200 

50 

8 

3389 

>55’*,  200 

Did  not  fail 

JD23 

0.200 

100 

8 

3389 

>524,200 

Did  not  fall 

JD31 

0.200 

50 

50 

3389 

>549,000 

Did  not  fail 

JD34 

0.200 

100 

50 

3389 

185,814 

Root  No.  7,  345°  to  15°  frem  veld,  and 
Root  No.  4,  185  to  225°  from  veld 

(a)  Maximum  strain  range  at  convolution  root,  calculated  frees  elastic  theory. 

(b)  Range  of  angle  Indicates  approximate  length  of  crack. 

(o)  Bellows  No.  JD32  contained  9  convolutions  Instead  of  8— not  plotted  in  Figure  L-6. 
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TABLEL-IO,  RESULTS  CF  FATIGUE  TESTS  OF  3-ISCK  WO-FLY  FIRMED  BELLO'S  (iO  CONVOLUTIONS) 
(Test  Conditions:  Room  temperature,  So  cjm—ese  text  for  ether  daiaile) 


Bellows 

No. 

Total 

Stroke, 

Inch 

$  Stroke 
in 

Compression 

Internal 

Pressure, 

DSi 

Lccal^ 

Strain 

Benge, 

’A  ln/ln. 

Cycles  to 
Failure 

Failure  Location :  Remark* 

JD83 

C.770 

50 

8 

6537 

4,033 

Root  No.  S,  60°  to  200”  from  weld 

JD76 

0.770 

100 

8 

6537 

4,597 

Root  No.  9,  340°  to  120°  from  weld 

•TC75 

0.770 

50 

50 

6537 

3,336 

Root  No.  1.  l6oc  to  330°  from  veld 

J  Oik 

0.770 

100 

50 

6537 

4,271 

Root.  No.  9,  220°  to  40°  from  veld 

JD60 

0.680 

50 

8 

5773 

17,215 

Root  No.  1,  40°  to  00°  frcm  weld 

JD61 

0.600 

100 

8 

5773 

7,175 

Root  No.  1,  265s  to  45°  from  weld 

JD79 

0.1*30 

50 

8 

4075 

211,977 

Root  No.  2,  40°  to  80°  from  veld 

JD32 

0.48o 

100 

8 

4075 

76,389 

Root  Ho.  1  and  Root  No.  5,  ft  veld 

JOT3 

0.480 

50 

50 

4075 

37,839 

Roct  Ho.  8,  15°  to  140°  from  weld,  and 
Root  No.  9,  lio"  to  255°  from  weld 

JD84 

o.48o 

100 

50 

4075 

65,244 

Root  Ho.  1,  3?C*  to  50  °,  No.  3,  355s 
to  10u,  and  Wo.  ht  3550  co  y  from  weld 

(«)  Maximum  strain  range  at  convolution  root,  calculated  from  elastic  tneory. 
(b)  Range  of  angle  indicates  approximate  length  of  crack. 


TABLE  L-tt.  RESULTS  OF  FATIGUE  TESTS  OF  1-INCH  CTO-FLY  FORMED  B2ILCKS  (8  CCI.mmCNS) 
(Test  Conditions:  Room  temperature,  80  cpm—see  text  for  oti.'-r  details) 


Bellows 

No. 

Total 

Stroke, 

Inch 

i>  Stroke 
in 

Compression 

Internal 

Pressure, 

PSi 

Local*8* 

•Strain 

,  Range,  Cycles  to 
pln/in.  Failure 

Failure  Location  Remarks 

JD20 

0.350 

50 

8 

3931 

13,747 

Root  Ho.  2,  60'’  to  155°  from  veld 

JDl4 

0.350 

100 

8 

5931 

16,808 

Root  No.  6,  llv''  to  15°  from  weld 

JD16 

0.300 

50 

8 

5084 

15,569 

Root  No.  J,  275*  to  320°  from  weld 

JDxJ 

0.300 

ICO 

8 

5084 

26.350 

Root  Ho.  2,  250°  to  315°  from  weld 

JDS1 

0.300 

50 

50 

508)i 

<24,001 

Root  Ho.  2,  205°  to  34o°  from  weld 

JD13 

0.300 

100 

50 

5084 

24,001 

Root  v  r  ■  20°  to  l?Ov  frost  veld 

JD12 

0.180 

50 

8 

3G50 

>531,000 

Did  not  fail 

•1162 

0.180 

100 

8 

3050 

>581,000 

Diu  not  fail 

JD19 

0.180 

50 

50 

3050 

>588,900 

Did  not  fail 

JD11 

0.180 

100 

50 

3050 

>588,900 

Did  not  fail 

[a)  Kaxissa  strain  range  at  convolution  root,  calculates  from  ..lactic  tfr-o.y. 
,b)  Range  of  angle  indicates  approximate  length  of  crack. 
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EXTENSION  Of  BELLOWS,  INCHES  COMPftESiON  Of  BELLOWS,  INCHES 


FIGURE  L 


4.  STRAIN  ON  GAGE  NO.  18  OF  5- INCH  FORMED  BELLOWS  JD88  DURING 
SUCCESSIVE  COMPRESSION  AND  EXTENSION  CYCLES  WITH 
10  PSI  AND  50  PSI  INTERNAL  PRESSURE 

L-17 


ipuj/saipinojsiuj  '»6uoy  uidjis 
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FIGURE  L-6.  FATIGUE  RESUETS  OF  STAINLESS  STEEL  FORMED  BELLOWS  AND  STAINLESS 
STEEL  COUPONS 


APPENDIX  M 

FATIGUE  ANALYSIS  OF  FORMED  BELLOWS  -  INCONEL  718 


APPENDIX  M 


FATIGUE  ANALYSIS  OF  FORMED  BELLOWS  -  INCONEL  718 


Fatigue  teste  were  made  on  the  3-inch  and  the  1-inch  Inconel  718  bellows  described 
in  Appendix  P.  The  procedure  was  essentially  that  described  in  Appendix  L  for  stainless 
steel  bellows. 

Strain  gages  were  applied,  at  locations  shown  in  Figure  M-l,  to  a  3-inch  bellows, 
and  values  were  observed,  with  particular  attention  given  to  Gage  No.  18  at  a  convolu¬ 
tion  root  (where  elastic  theory  indicated  there  was  maximum  strain).  Table  M-l  shows 
several  values  of  strain  range  observed  in  comparison  with  values  computed  from  elas¬ 
tic  theory;  Table  M-2  gives  more  details  in  regard  to  the  theoretical  evaluation.  It  was 
concluded  that: 

(1)  The  values  from  the  strain-gage  readings  agreed,  to  within  better 
than  10  percent,  with  values  calculated  from  the  elastic  theory 

(2)  The  effect  of  varying  the  internal  pressure  from  0  to  50  psi  upon  the 
range  of  deflection  strain  was  very  small  (less  than  9  percent) 

(3)  Strain-deflection  values  as  determined  by  the  elastic  theory  should 
be  used  as  a  basis  for  fatigue  tests  of  the  bellows. 

Strain  ranges  essentially  the  same  as  those  used  for  the  fatigue  tests  of  Type  321 
stainless  steel  bellows  were  selected  for  first  tests  of  the  3-inch  bellows,  on  the  basis  of 
limited  information  about  the  fatigue  behavior  of  Inconel  718  metal  coupons.  In  subse¬ 
quent  tests,  somewhat  different  values  of  strain  range  were  used  on  the  basis  of  experi¬ 
ence  in  the  early  tests. 

Tables  M-3  and  M-4  show  the  results  of  fatigue  tests  of  the  3-inch  bellows  and  the 
1-inch  bellows,  respectively.  These  results  are  plotted  in  Figure  M-2,  in  which  are 
also  shown  fatigue-test  results  for  coupons  of  0.  050 -inch-thick  Inconel  718  sheet,  and 
fatigue-test  results  for  1-1/2-inch  Inconel  718  bellows  investigated  on  another  program. 

From  Figure  M-2  and  Tables  M-3  and  M-4,  the  following  observations  can  be  made: 

(1)  The  results  of  the  bellows  fatigue  tests  show  considerable  scatter  and 
fall  within  a  band  lower  than  the  S-N  curve  for  the  limited  test  data  on 
Inconel  718  sheet  material.  The  trend  is  compatible  with  expectations 
from  the  theory. 

(2)  In  nearly  every  case  (15  out  of  16),  failure  was  at  a  convolution  root 
where  the  theory  predicted  the  highest  strains.  In  the  one  exception, 
failure  was  at  a  crown  -  the  location  of  next-highest  predicted  strain. 

(3)  There  was  no  clear  effect  of  the  degree  of  compression  on  fatigue  lifetime. 

Of  eight  pairs  of  bellows  in  which  at  least  one  failure  occurred,  one  pair 
showed  no  significant  difference  in  lifetime,  four  pairs  showed  shorter 
lifetime  for  100  percent  of  the  stroke  ir.  compression,  and  three  pairs 
showed  shorter  lifetime  for  50  percent  of  the  stroke  in  compression. 
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w  There  was  a  trend  toward  shorter  lifetime  with  higher  internal  pres¬ 
sure  (sevens out  of  eight  pairs  showed  this). 

(5)  Based  upon  the  lower  broken  line  in  Figure  M-2  (minimum  observed 
lifetime)  and  the  arbitrary  use  of  a  factor  of  2  times  the  design  life¬ 
time,  these  Inconel  718  bellows  should  not  be  operated  over  a  strain 
range  more  than  4000  juin/in.  for  a  minimum  expected  lifetime  of 
5000  cycles  nor  at  a  strain  range  more  than  3000  /iin/in.  for  a 
minimum  expected  lifetime  of  50,  000  cycles.  Possibly  somewhat 
larger  values  of  strain  range  could  be  used  for  unusually  well 
formed  bellows  for  which  a  more  accurate  mathematical  model 
could  be  used.  (An  indication  of  this  is  given  by  the  three  1-1/2-inch 
bellows.)  Smaller  values  should  be  used  for  bellows  having  less 
uniformity  in  detail  geometry. 
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h  Inconel  3-inch  Inconel 

wa.  Stresses  Bellows.  Stresses 


TABLE  M-i.  EXFERIMEKEALLY  EBPffiMIHED  STRAXV  RARQSS  AT 

cosvamcB  root  on  3-ike  ircohel  bellows 


Deflection 

Range,  in. 

Internal 
Pressure,  psi 

Strain  Range,  uin./in. 

Gage(a^ 

Elastic  Theory^  ^ 

0.670 

0 

5360 

5073 

25 

5320 

5873 

50 

5500 

5873 

0.380 

0 

3020 

3331 

25 

2760 

3331 

50 

3060 

3331 

(a)  Corrected  to  value  at  metal  surface. 

(b)  See  Table  M-2. 


TABUS  M-2.  THEORETICAL  M3LECTI0N  STRESSES  AND  STRAINS  AT  INNER  CONVOLUTIONS 
FOR  3-  AND  1-INCH  INCONEL  718  FORMED  BELLOWS 


(a) 

Stress'  ,  pel# 

Strain,  Uin./ 

Strain  Calculated  for 

Bending 

Total 

Deflection  for 

8trees, 

Stress, 

Calculated 

in.,  Calculated 

Fatigue  Tests 

Membrane 

Outer 

Inner 

for  1-inch 

for  1-inch 

Stress 

Surface 

Surface' 

Deflection 

Deflection 

memm 

Meridional 
Stresses  and 
Strains 

-5, 509. ^5 

-584,670 

+579,168 

+282,793 

+8765 

0.670 

+5873 

Circumferential 

0.600 

+5259 

Stresses 

-99,991.7 

-175,680 

+75,688 

+36,957 

0.380 

+3331 

Meridional 
Stresses  ar.d 
Strains 

-1027.76 

-774,380 

+773,352 

+623,168 

+19,638 

0.204 

+4000 

Circumferential 

Stresses 

-172,765 

-232, 311* 

+59,51*9 

+47,985 

- 

0.”3 

+3000 

Id 

h4 


(a)  Total  stress  multiplied  by  the  deflection  (l  inch)  end  divided  by  the  live  length  of  the  bellows.  The  live 
lengths  were:  2.048  in.  for  the  3-inch  bellows,  and  1.241  in.  for  the  1-inch  bellows. 
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TABU  M-3-  RESULTS  OP  FATIGUE  TESTS  OP  3-3CH  INCOREL  FORMED  BttLCWS  (l4  CCWCIOTIOW) 

(Test  Conditions:  Boon  temperature,  00  cpn — see  Appendix  L  for  other 
details) 


Bellows 

Bo. 

Total 

Stroke, 

inch 

it  Stroke 
in 

Compression 

Internal 

Pressure, 

PSi 

Local^ 

Strain 

Range, 

uln/ln. 

Cycles  to 
Failure 

Failure  Location^.  Remarks 

JD123 

0.670 

50 

8 

5873 

37,007 

Root  Bo.  13,  190s  to  205°  from  weld 

JDL19 

0.670 

100 

8 

5873 

11,521 

Root  Bo.  13,  65°  to  75°  and  90°  to  95° 
from  weld 

JE129 

0.670 

50 

50 

*5873' 

2,305 

Root  Bo.  13,  20°  to  35°  from  weld 

JD126 

0.670 

100 

50 

5873 

12,848 

Root  Ho.  13,  355°  to  5°  frem  weld 

JD130 

0.600 

50 

50 

5259 

82,578 

Root  Ho.  13,  130°  to  135°  from  weld 

11021 

0.600 

100 

50 

5259 

3,477 

Root  Ho.  1,  330°  to  340°  from  weld 

JD125 

0.300 

50 

8 

3331 

>619,000 

Did  not  fail 

JD128 

0.300 

100 

8 

3331 

114,539 

Root  Ho.  13,  265°  to  275®  from  weld 

JD120 

0.300 

50 

50 

3331 

152,714 

Crown  Ho.  1,  small  hole  10°  from  veld 

JD127 

0.380 

100 

50 

3331 

74,871 

Root  No.  1,  355°  to  5®  from  weld 

(a)  Maximum  strain  range  at  convolution  root,  calculated  from  elastic  theory. 

(b)  Range  of  angle  indicates  approximate  length  of  crack. 


TABLE  M-4,  RESULTS  OF  FATIGUE  TESTS  OF  1-INCH  INCC*T3L  FORMED  BELLOWS  (l6  CONVOLUTIONS) 

(Test  Conditions:  Room  temperature,  80  cpn— see  Appendix  L  for  other  details) 


Bellows 

No. 

Total 

Stroke, 

inch 

f  Stroke 
in 

Compression 

Internal 

Pressure, 

psl 

Local^' 

Strain 

Range, 

uin/in. 

Cycles  to 
Failure 

Failure  location^,  Remarks 

JD107 

0.204 

50 

3 

4000 

17,949 

Root  Ho.  15,  60®  to  105®  from  weld 

JD118 

0.204 

100 

8 

4000 

262,690 

Root  No.  6,  355®  to  0®  from  weld 

JD116 

0.204 

50 

25 

4000 

13,500 

Root  No.  16,  08  to  70®  from  weld- 
in  straight-end  section  of  bellows 

JD115 

0.205 

100 

25 

4000 

117,774 

Root  No.  2,  230°  to  240®  from  weld 

JD113 

0.204 

50 

25 

4000 

63,483 

Root  No.  1,  55®  from  weld 

JD111 

0.153 

50 

8 

3000 

>861,000 

Did  not  fail 

JD109 

0.153 

100 

8 

3000 

>861,000 

Did  not  fail 

JD112 

0.153 

50 

25 

3000 

151,171 

Root  No.  1,  75®  to  85®  from  weld 

JD114 

0.153 

100 

25 

3000 

114,561 

Root  No.  1,  at  weld 

(a)  Maximum  strain  ranee  at  convolution  root,  calculated  from  elastic  theory. 

(b)  Range  of  angle  indicates  approximate  length  of  crack. 
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INCONEL  FORMED  BELLOWS 


FIGURE  M-2.  FATIGUE  RESULTS  OF  INCONEL  FORMED 
BELLOWS  AND  INCONEL  COUPONS 


M-5  and  M-6 
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FATIGUE  ANALYSIS  OF  WELDED  BELLOWS  AND  DIAPHRAGMS 


APPENDIX  N 


FATIGUE  ANALYSIS  OF  WELDED  BELLOWS  AND  DIAPHRAGMS 


It  was  established  early  in  this  research  program  that  premature  fatigue  failures 
of  welded  bellows  and  diaphragms  constitute  a  critical  problem  to  the  Air  Force.  Such 
failures  almost  invariably  occur  in  weld  areas  at  the  convolution  roots  or  crowns,  or  at 
the  end  fittings.  Detailed  characterization  of  the  fatigue  behavior  of  such  areas  involves 
the  consideration  of  additional  factors  not  associated  with  the  fatigue  of  formed  bellows. 

One  such  additional  factor  is  the  notch  at  the  weld  bead.  At  these  locations,  sig¬ 
nificant  variations  of  stress  and  strain  occur  over  distances  smaller  than  the  order  of 
the  material  thickness,  and  the  analysis  of  the  localized  stresses  in  such  a  configuration 
is  outside  the  realm  of  shell  theory.  The  stress  analysis  described  in  Appendix  B  can, 
with  the  use  of  a  reasonable  model  for  the  weld-bead  stiffness,  provide  values  for  nom¬ 
inal  stresses  and  strains  that  afford  useful  predictions  of  such  properties  as  spring 
rates  of  welded  bellows  in  addition  to  the  accurate  values  of  surface  stresses  at  points 
of  the  bellows  that  are  not  influenced  by  the  notch  effect.  It  is  possible  that  analytical 
methods  can  be  applied  to  obtain  the  stresses  at  the  weld-bead  notch,  but  such  analyses 
require  development  beyond  the  theory  developed  in  the  current  research  program. 

Another  factor  in  the  welded  bellows  and  diaphragms  is  the  local  material  varia¬ 
tion  that  results  even  with  the  best  current  welding  practice:  possible  weld  defects  of 
several  kinds,  local  variations  in  metallurgical  microstructure  in  and  near  the  weld, 
residual  stresses,  etc.  Such  variations  have  been  observed  to  influence  significantly  the 
fatigue  resistance  of  welded  joints  in  other  structures  as  well  as  in  bellows. 

Consequently,  fatigue  tests  of  typical  welded  bellows  and  diaphragms  were  con¬ 
ducted  to  find  out  how  such  additional  parameters  as  the  weld  notch  geometry  and  the 
metallurgical  variations  in  weld  material  might  influence  the  analysis  of  fatigue  life¬ 
times  in  terms  of  strain  ranges  computed  by  shell  theory  for  a  model  with  a  reasonable 
allowance  for  weld-bead  stiffness. 


Fatigue  Test  Specimens  and  Conditions 


The  test  specimens  (bellows  and  diaphragms)  were  ordered  in  batches  of  12.  It 
was  requested  that  the  specimens  in  each  batch  be  made  as  nearly  identical  as  was  rea¬ 
sonably  possible  within  the  state  of  the  art  (see  Appendix  P).  All  of  the  welded  bellows 
had  been  inspected  carefully  by  each  manufacturer  and  by  Battelle  prior  to  test  and  were 
judged  to  be  of  good  quality.  Examinations  of  typical  cross-sectioned  bellows  after  test 
showed  that  they  were  made  with  good  manufacturing  techniques. 

In  general,  10  specimens  of  each  batch  were  used  for  the  fatigue  tests.  Three 
batches  of  bellows  of  Type  347  stainless  steel,  three  of  AM350,  and  one  batch  of  dia¬ 
phragms  of  Type  347  stainless  steel  were  tested  in  fatigue.  Early  tests  were  conducted 
in  pairs,  with  one  bellows  deflected  100  percent  in  compression  and  one  50  percent  in 
compression  and  50  percent  in  tension;  this  was  the  procedure  used  for  the  formed 
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bellows.  However,  the  life  of  welded  bellows  with  100  percent  compression  was  so 
much  longer  than  that  of  welded  bellows  in  tension-compression  that  this  procedure  re¬ 
sulted  in  the  fatigue  machine  operating  a  large  percentage  of  the  time  with  only  one 
specimen.  Hence,  to  expedite  the  tests,  bellows  were  subsequently  tested  either  singly 
or  with  both  experiencing  the  same  degree  of  compression  and  tension.  On  account  of 
some  long  test  times,  the  cycling  speed  was  sometimes  increased  during  a  test.  Usu¬ 
ally  a  test  w’as  started  at  80  cpm;  after  300,000  cycles  the  speed  was  increased  up  to 
120  cpm;  in  no  instance  was  the  speed  high  enough  that  dynamic  response  significantly 
increased  strain. 

Test  conditions  of  deflection  and  pressure  were  generally  chosen  to  produce  se¬ 
lected  values  of  strain,  as  calculated  by  elastic  theory,  at  a  convolution  root. 


Results  of  Fatigue  Tests 


Tables  N-l  through  N-7  give  the  results  of  the  fatigue  tests.  If  these  are  plotted 
in  terms  of  a  single  parameter,  such  as  the  calculated  strain  range  at  a  con'  olution 
root,  against  lifetime,  the  points  show  such  scatter  that  it  seems  clear  that  a  single 
parameter  is  an  inadequate  criterion  for  prediction  of  fatigue  lifetime.  Some  insight 
into  this  inadequacy  can  be  obtained  by  considering  some  of  the  apparent  trends. 


Scatter  in  Lifetimes 


Even  under  identical  conditions  of  loading  of  supposedly  identical  bellows,  there 
were  instances  of  very  great  variation  in  lifetime.  Examples  are  shown  in  Table  N-8. 
These  were  presumably  (and  sometimes  identifiably*)  due  to  variations  in  material 
properties  and  in  manufacturing  processes. 

The  scatter  in  results  of  the  fatigue  tests  has  another  important  limitation.  As 
noted  subsequently,  some  loading  variables  (the  pressure,  the  degree  of  compression) 
have  apparently  more  influence  on  the  lifetimes  of  welded  bellows  than  they  have  on  the 
lifetimes  of  formed  bellows.  In  view  of  the  large  scatter  for  supposedly  identical  testing 
conditions  and  of  the  effects  of  loading  variables,  a  quantitative  assessment  of  factors 
influencing  lifetime  would  require  a  much  larger  number  of  specimens  of  welded  bellows 
than  of  formed  bellows.  For  this  reason,  analysis  of  the  results  of  the  finite  number  of 
tests  in  this  research  program  is  qualitative. 


Effect  of  Pressure 


Considerable  difficulty  was  experienced  in  the  interpretation  of  the  initial  fatigue 
results  of  the  Type  347  stainless  steel  bellows  because  internal  pressure  caused  the 
bellows  diaphragms  to  deform,  and  at  certain  values  of  pressure  and  compression,  the 
diaphragms  touched  and  increased  local  strains  in  the  bellows.  This  effect  had  not  been 
encountered  in  the  state-of-the-art  survey.  When  this  failure  mode  was  suspected,  it 
was  easily  verified  by  careful  spring-rate  measurements  made  with  incrementally  com¬ 
pressed  bellows  containing  a  constant  internal  pressure.  Diaphragm  interference  was 

For  example,  the  early  failure  of  JD141  through  the  weld  bead  was  ascribed  to  insufficient  burn-down.  Although  other  failures 
were  examined  as  described  in  Appendix  P,  it  was  beyond  the  scope  of  this  program  to  determine  the  exact  cause  of  failure  of 
every  bellows. 


detected  by  an  increase  in  spring  rate  at  various  values  of  compression,  depending  on 
the  amount  of  internal  pressure.  Considerable  diaphragm  interference  was  demon¬ 
strated  for  the  combinations  of  test  conditions  used  for  bellows  JD133,  JD142,  JD149, 
and  JD147,  and  significant  reductions  in  fatigue  life  were  experienced  by  these  bellows, 
as  is  shown  in  Table  N-9. 

The  fact  is  generally  known  that  welded  bellows  have  a  longer  fatigue  life  in  com¬ 
pression  than  in  tension.  Thus,  there  is  a  natural  tendency  to  use  a  welded  bellows  as 
much  as  possible  in  compression.  However,  diaphragm  interference  must  be  avoided 
because  of  the  possibility  of  encountering  a  large  reduction  in  fatigue  life.  Although  this 
condition  cannot  be  estimated  by  the  analysis  procedures  described  in  Appendix  B,  it  can 
easily  be  determined  experimentally  as  described  above. 

On  the  basis  of  the  brief  evaluation  that  was  possible,  the  pressurized  bellows 
must  not  be  compressed  beyond  the  point  at  which  the  spring  rate  is  increased  10  per¬ 
cent,  if  the  bellows  fatigue  life  is  to  be  unaffected  by  diaphragm  interference.  Engi¬ 
neering  judgment  must  be  used  to  determine  the  actual  amount  of  compression  that  can 
be  permitted  and  still  provide  an  adequate  margin  of  safety  to  avoid  this  condition. 

Even  without  diaphragm  interference,  a  change  in  internal  pressure  has  two 
effects:  (1)  a  possible  change  in  diaphragm  shape  not  included  in  the  stress  analysis 
program  and  (2)  a  change  in  the  mean  strain  during  a  cycle  that  may  be  large  enough  to 
affect  the  fatigue  lifetime.  Such  effects  were  noted  in  the  behavior  of  formed  bellows, 
but  they  seemed  small  enough  that  they  could  be  neglected  as  a  first  approximation  in 
estimating  fatigue  lifetime.  The  entries  in  Table  N- 10  indicate  a  very  definite  trend  for 
increasing  internal  pressure  to  decrease  the  lifetime  of  welded  bellows  and  diaphragms. 

The  larger  effect  of  pressure  on  the  fatigue  life  of  welded  bellows  than  on  the  fa¬ 
tigue  life  of  formed  bellows  may  be  due  in  part  to  the  strain  concentration  at  the  welds 
being  influenced  by  internal  pressure. 


Effect  of  Percent  of  Stroke  in  Tension 


Examination  of  the  entries  in  Tables  N-l  through  N-7  (some  examples  are  shown 
in  Tables  N-ll  and  N-12),  shows  that,  for  a  specific  stroke,  the  greater  the  percent  of 
this  stroke  in  tension  the  shorter  is  the  fatigue  lifetime.  This  effect  was  pronounced  for 
welded  bellows,  in  contrast  to  observations  for  formed  bellows.  It  seems  likely  that  the 
effect  can  be  associated  with  the  notch  formed  by  the  weld  bead.  This  localized  behavior 
might  be  accounted  for  by  a  strain  concentration  factor  considered  to  be  different  in  ten¬ 
sion  than  in  compression.  A  plausible  mechanistic  description  would  require  an  anal¬ 
ysis  (probably  elastic-plastic)  of  the  weld  bead  area.  A  useful  numerical  factor  can 
probably  be  obtained  for  a  given  material  and  a  given  manufacturer's  process  if  enough 
tests  are  conducted,  Some  of  the  manufacturers  offer  this  type  of  correlation  for  their 
bellows,  and  the  Type  347  bellows  and  diaphragms  tested  during  this  program  could  be 
closely  correlated  with  selected  factors.  However,  the  same  factors  did  not  apply  to 
the  AM350  bellows,  and  it  is  believed  that  empirical  factors  must  be  developed  for  each 
material  and  each  manufacturer. 
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Fatigue  Failure  Location 


Examination  of  Tables  N-l  and  N-2  shows  that  there  were  more  failures  at 
crown  welds  than  at  root  welds  despite  calculated  strain  ranges  being  higher  at  the  root 
areas.  This  indicates  either  more  severe  weld  defects  in  this  location  or  a  higher  local 
strain  concentration  (or,  of  course,  some  combination  of.  these).  Tables  N-l  through 
N-7  show  a  general  inconsistency  of  failure  location  for  all  of  the  batches  of  bellows, 
with  many  failures  at  end-fitting  joints.  Such  variations  emphasize  the  need. for  more 
detailed  understanding  of  local  conditions  in  these  areas. 


Conclusions  and  Recommendations 


(1)  The  results  of  fatigue  tests  on  typical  welded  bellows  and  diaphragms  were  not 
nearly  so  well  correlated  with  strain  ranges  computed  by  shell  theory  as  were  the 
results  of  fatigue  tests  on  formed  bellows. 

(2)  One  factor  that  made  attempts  at  correlation  difficult  was  the  apparent  scatter 

in  fatigue  lifetime  and  failure  location  for  each  batch  of  specimens.  It  is  believed 
this  was  due  to  variations  in  fabrication  (particularly  in  welding)  that  seem  unavoid¬ 
able  in  the  present  state  of  the  art.  Allowance  for  these  would  require  the  testing 
of  many  specimens  to  afford  statistically  significant  measures. 

(3)  Correlation  was  also  made  difficult  by  another  factor  -  local  strain  concentration 
not  derivable  on  the  basis  of  shell  theory.  The  presence  of  this  factor  was  shown 
by  the  dependence  of  lifetime  upon  internal  pressure  and  upon  the  percent  of  stroke 
in  tension,  and  by  the  prevalence  of  failure  at  the  crown  weld  beads  despite  larger 
calculated  stresses  at  the  root  weld  beads.  A  strain  concentration  factor,  larger 
for  crown  welds  than  for  root  welds  and  larger  for  tension  than  for  compression, 
could  be  applied  to  calculated  strain  ranges  to  make  the  test  results  under  different 
loading  conditions  more  consistent.  Obtaining  numerical  values  for  such  a  factor 
would  be  aided  by  a  more  elaborate  theoretical  analysis,  and,  for  engineering  pur¬ 
poses,  would  require  many  tests  to  provide  statistical  significance. 

(4)  Until  further  research  is  conducted,  the  practical  considerations  where  welded 
bellows  or  diaphragms  must  be  used  are: 

(a)  Utilize  the  stress-analysis  procedure  described  in  Appendix  B  to  calculate 
spring  rate  and  effective  area,  and  to  evaluate  the  comparative  effects  of 
different  deflection  and  pressure  loadings  for  a  given  material  and  a  given 
manufacturer. 

(b)  Recognize  the  probability  of  larger  scatter  than  for  formed  bellows  and 
allow  for  this  by  tests  of  a  relatively  large  number  of  units  of  a  specific 
lot  of  material  fabricated  by  a  specific  process  to  provide  some  statis¬ 
tical  measure  of  probability  of  "premature"  failure. 
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(c)  Test  under  conditions  (high  internal  pressure  and  high  percentage  of 
stroke  in  tension)  that,  within  the  range  of  necessary  usage,  seem 
most  critical. 

(d)  Monitor  weld  burn-down  during  manufacture  to  assure  that  the  weld  bead 
has  a  diameter  at  least  3  times  the  thickness  of  the  diaphragm. 
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Kill  B-l 


—ota*  or  rmam  nan  or  3-1/2-nc*  br  347  2 

(Test  Conditions:  loom  ttprrtm,  00  cpa  see 


— x  &  far  a— r  details.) 


(a)  Manufacturer  A.  (b)  Maxlaua  strain  range  calculated  free  elastic  theory.  (c)  Ranee  of  angle  indicates  ap¬ 
prox  lasts  length  of  crack.  ($)  These  bell ova  were  tested  in  two  sodas,  (e)  These  fatigue  failures  were  con¬ 
sidered  to  be  abnomally  sheet,  (f)  These  early- fatigue  failures  were  caused  by  pressure-induced  diaphraga 
interference. 


TABU  5-2.  RtajLTS  CP  PAT10UI  —78  CP  l-l/2-IRCH  TO*  347  8EAIHU8S  RBL  — .  BBICWS^ 
(Teat  Conditions;  Boon  teaqperature;  80-120  cpn—aee  Appendix  L  for  other  details.) 


Total  i  Stroke  Internal  Strain  Range  Strain  Range ^  Cycles 
Stroke,  in  Presaure,  at  Root  Weld  at  Crown  Weld  to 


Bellows 

In* 

Tension 

pal 

Bead,  uln./ln. 

.  lead,  uia./ln. 

Failure 

Failure  Location  Renarks 

JD145 

0.160 

0 

4 

37& 

3340 

831,864 

Crown  Ho.  3,  3/8  in.  crack 
in  heat-affected  sons 

jm.46 

0.160 

0 

30 

3760 

3340 

776,163 

Crown  Bo.  3,  1/8  in.  crack 
ir.  heat-affected  zone 

JD149 

0.160 

0 

60 

3760 

3340 

27,694^ 

Crown  Ho.  1,  55°  to  70®, 
crack  in  heat-affected  zone 

jm.47 

0.160 

0 

90 

3760 

3340 

4,010^ 

Crown  Bo.  4,  300°  to  315°, 
crack  in  heat-affected  zone 

JD148 

0.160 

50 

4 

3760 

334o 

94,800 

Root  Ho.  2,  190°  to  330°, 
crack  in  heat-affected  zone 

JD144 

0.160 

50 

4 

3760 

3340 

74,087 

Soot  Bo.  1,  25°  to  70®, 
crack  in  heat-affected  zone 

JD153 

0.160 

50 

30 

3760 

3340 

63,751 

Crown  Bo.  1,  3/6  in.  crack 
in  heat-affected  zone 

JDI52 

0.160 

50 

60 

3760 

334o 

55,620 

Crown  Bo.  1,  330®  to  340®, 
crack  in  heat-affected  zone 

JK.51 

0.160 

50 

90 

3760 

3340 

28,145 

Bnd  fitting,  210°  to  250°, 
crack  in  heat-affected  zone 

JD154 

0.080 

100 

4 

1880 

1670 

- 

Did  not  fail 

(a)  Manufacturer  A, 

(b)  Maximum  strain  range,  calculated  from  elastic  theory. 

(c)  Range  of  angle  Indicates  approximate  length  of  crack;  specimens  without  angular  measurements  had  been 
destroyed  for  fractographlc  examination. 

(d)  These  early-fatigue  failures  were  caused  by  pressure-induced  diaphragm  interference. 
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b-3.  mm  cr  mzm  n  or  l-i/e-ms  sn  >?  seaihmb  son.  uuzd  hllcvs'*^ 

(tart  CcMtttlcM:  tool  fjn-ttnrt,  80-120  epi-m  AppeadixL  for  other  detail.) 


•allow 

Total 

Stroke, 

in. 

t  Stroke 
in 

Tension 

Intamal 

Treasure, 

■tram  Sat*t-*) 
at  Soot  Meld 

*ad.  um./m. 

■tram  Sm»e(b) 
ad  Cram  Weld 
bed.  uln./in. 

Syclas 

to 

failure 

Failure  Location^:  harks 

J3B03 

O.lfiO 

50 

4 

27*0 

1580 

1,216,345 

loot  Bo.  6,  35*  to  55*.  crack 
through  beat-affected  sene 

jxeoi 

O.160 

50 

4 

2740 

1580 

204,320 

Upper  end  fitting,  270°  to  19tf 
crack  through  heat -affected  zone 

JDB05 

0.120 

100 

4 

2055 

1185 

412,322 

Root  Bo.  2,  105°  to  135  , 
crack  through* .vtld  bead 

JU06 

0.120 

100 

k 

2055 

1185 

214,636 

Croun  Bo.  4,  60°  to  85°, 
crack  through  weld  head 

jseor 

0.240 

50 

4 

4110 

2370 

53,598 

Crown  >0.  3,  120*  to-l4o°, 
crack  through  weld  bead 

jko8 

0.240 

50 

4 

4110 

2370 

48,336 

Upper  end- ft*,  weld,  25°  to 

65°,  crack  through  heat- 
effected  tone 

J1E09 

0.180 

100 

4 

3425 

1975 

47,53C 

Crcnm  Bo.  5,  210°  to  235°, 
and  crown  Bo.  6,  175°  to 

210°,  crack  through  weld  heed 

joeio 

0.180 

100 

4 

3425 

1975 

51,916 

Upper  end- fitting  veld,  270° 
to  325° ,  crack  through  heat- 
affected  zone 

jseu 

0.240 

100 

4 

4110 

2370 

17,588 

Crown  Bo.  7,  10°  to  50°, 
crack  through  veld  bead 

JK12 

0.240 

100 

4 

4110 

2370 

22,380 

Crown  Bo.  2,  35°  to  55°, 
crack  through  veld  bead 

JIE13 

0.360 

100 

4 

6165 

3555 

4,496 

Root  Bo.  7,  165°  to  245°, 
crack  through  weld  bead 

(a)  Manufacturer  1. 

(b)  Maxima  (train  range,  calculate!  froa  elaetlc  theory, 
(e)  JHange  of  Bi^le  indicates  approximate  length  at  crack. 


TAU  B-4.  RMULTS  CP  BAUCHS  TMTS  CP  3-ISCH  AK350  WSJXD  BSLlW*) 

(Teat  Conditions:  Room  tenperature,  80-100  cjn— see  Appendix  L  far  other  details.) 


Bellcwi 

Total 

Stroke, 

In. 

i  Stroke 
In 

Tenelou 

Internal 
Pros  wure, 
pel 

Strain  Range 
at  Root  Meld 
Bead,  uin./ln. 

Strain  Range 
at  Crown  Weld 
Bead,  uin./ln.. 

Cycle* 

to 

Failure 

fc) 

Failure  Location'  Roaarka 

jni9iw 

0.2*0 

100 

4 

1940 

1220 

1,900,000 

Sid  not  fail 

JIR92^ 

0.240 

100 

4 

1940 

1220 

1,900,000 

Did  not  fail 

jni9i^ 

0.480 

100 

4 

3880 

2440 

580,000 

Did  not  fall 

jm.92^ 

0.480 

100 

4 

3880 

2440 

580,000 

Did  not  fall 

JB191^ 

0.640 

100 

4 

5173 

3253 

29.539 

Root  Bo.  1.  95°  to  120°,  crack  in 
heat-affected  lone 

jm.92^ 

0.640 

100 

4 

5173 

3253 

26,394 

Root  Bo.  1,  290°  to  320°,  crack 
in  heet-affected  tone 

JB195 

0.735 

100 

2 

5935 

3735 

15,220 

Root  Ro»  1,  60°  to  110°,  crack  in 
heat- affected  zone 

JH96 

0.735 

100 

2 

5935 

3735 

16,77** 

Root  Bo.  6,  203°  to  205°  and  235° 
to  240°,  crack  in  heat-affected  tone 

JD199 

0.600 

30 

2 

4850 

3050 

5*<, W 

Root  Bo.  1,  15°  to  4c°  ,  crack  in 
heat-affected  tone 

JD200 

0.600 

80 

2 

4850 

3050 

32,103 

Upper  end-fittli4  weld,  20°  to  55°, 
crack  in  heat -affected  tone 

JD201 

0.600 

80 

2 

4850 

3050 

76,759 

Root  Bo.  1,  160°  to  175°,  crack 

In  heat-affected  tone 

JM.97 

0.720 

66-2/3 

3 

5820 

3660 

44,207 

Root  Ho.  7,  265°  to  285°,  crack 
in  heat-affected  tone 

JD198 

0.720 

66-2/3 

2 

5820 

3660 

39,469 

Lower  end- fitting  weld,  10°  to  40°, 
crack  in  heat-affected  tone 

JD193 

0.960 

66-2/3 

4 

7760 

4880 

7,938 

Lower  end-fitting  weld,  255°  to 

285°,  crack  in  heat-affected  tone 

JD194 

0.9&> 

66-2/3 

4 

7760 

4880 

16,460 

Lover  end- fitting  veld,  0°  to 

360°,  crack  in  heat-affected  zone 

(a)  Manufacturer  0. 

(b)  Maximum  strain  range  calculated  free,  elastic  theory. 

(c)  Range  of  angle  indicates  approximate  length  of  crack. 

(d)  These  bellows  were  tested  In  more  than  one  mode. 
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TABLE  X-5 .  RESULTS  Or  FA7I3U2  TESTS  OT  3-3CH  AK350  WALES) 

(Test  Condition* :  Boat  tmperature,  0O-1QQ  ejB—eee 
Appendix  L  for  other  JetaUz.) 


Total 

Stroke, 

i»  Stroke 
Is 

Internal 

Pressure, 

Strata  Hanot**' 
at  Hoot  rfftld 

Strain  Range 
at  Croun  Veld 

in. 

p»* 

Bsad.  uln./ln. 

Btad.uin./iE. 

0.2A0 

50 

1700 

2960  ’ 

0.260 

50 

60 

1700 

29*0 

0.21*0 

50 

lo 

1700 

2960 

0.260 

100 

4 

1700 

2960 

0.260 

100 

6 

1700 

2960 

0.260 

100 

u 

1700 

2960 

0.260 

100 

k> 

1700 

2960 

0,260 

100 

*0 

1700 

2960 

0.260 

100 

60 

1700 

2960 

0,240 

100 

60 

1700 

2960 

1.612,266 

1,000,000 

37,11*5 


Did  not  fell 
Did  not  fall 


Upper  end  fitting,  5°  to  l*5°, 
crack  In  heat-affected  zone 

Upper  end  fitting,  55°  to 
1*0°,  crack  In  beat-affected 
tone 

Boot  So.  7,  165°  to  2*0°, 
crack  In  beat-eff scted'ione 

Root  Bo.  6,  100°  to  11*0°, 
crack  In  heat  affected  zone 

Crown  Bo.  1,  mail  crack  at 
90° 

Upper  end  fitting,  150°  to 
16o°,  crack  In  beat-affected 
zone 

Upper  end  fitting,  5°  to  30°, 
crack  In  heat-affected  tone 

Upper  end  fitting,  5°  to  1*5°, 
crock  In  heat-affected  zone 


(a)  Manufacturer  D. 

lb)  Maxima  etraln  range  et  convolution  root,  calculated  free  elastic 
(c)  Range  of  angle  indicates  approximate  length  of  crack. 


TABLE  H-6.  RESULTS  OP  FATIQUE  TEST3  CP  1-1/2-IBCH  AM350  WELTED  BELLOWS^ 

(Test  Conditions:  Roem  temperature,  80  -  120  cpm—  see 
Appendix  L  for  other  details.) 


Total  J>  atroko  Internal  Strain  Range ^  ^  Strain  Range ^  Cycles 

Stroke,  In  Pressure,  at  Root  Weld  at.  Crown  Weld  to  ,  v 

■Hows  Inch  Tension  psl  Bead,  uln./ln.  Bead,  ulii./ln.  failure  Failure  Location'-  Renarks 


JUL68^ 

0,100 

wo 

6 

2550 

1660 

2,005,000 

Did  not  fall 

jrni68(4) 

0.150 

100 

6 

3S85 

2660 

029,500 

Did  not  fall 

jm.69^4^ 

0.200 

50 

6 

5100 

3200 

3,695,000 

Did  not  fail 

JD172 

0.250 

60 

6 

6375 

6100 

257,373 

Lower  end  fitting,  135°  to 
165°,  creek  in  hent-effected 
zone 

JU173 

0.250 

60 

6 

6375 

6100 

1171650 

Root  Bo.  7,  270°  to  330°, 
creek  in  heat-affected  zone 

jm.76 

0.250 

60 

6 

6375 

6100 

211,987 

Boot  Bo.  7,  165°  to  210°, 
crack  in  heat -affected  zone 

JD177 

0.250 

60 

60 

6375 

6100 

61,015 

Root  Bo.  5,  350°  to  10°, 
crack  in  heat-affected  zone 

J3178 

0.250 

60 

60 

6375 

6100 

32,203 

Upper  end  fitting,  195°  to 
210°,  crack  In  heat-affected 
zone 

JDi60^ 

0.200 

100 

6 

5100 

3200 

26,670 

Root  Bo.  7,  110°  to  150°, 
oreck  In  heat-affected  zone 

Jffl.69^4^ 

0.200 

100 

6 

5100 

3200 

66,230 

Root  Bo.  7,  115°  to  125°, 
crack  in  heet-affected  zone 

JD170 

0.200 

100 

6 

5100 

3200 

37,160 

Crown  Bo.  7,  00°  to  l4o°, 
crack  In  heat-affected  tone 

■na.75 

0.300 

66-2/3 

6 

7650 

6920 

16,236 

Upper  cr.d  ftg,  155°  to  185°, 
crack  In  hcat-affocted  zone 

JIO.76 

0.300 

66-2/3 

6 

7650 

6920 

21 ,266 

Root  Bo.  7,  365°to  355°, 
crack  in  heat-affected  zone 

[a)  Manufacturer  D.  (b)  Maximum  strain  range  at  convolution  root,  calculated  from  elastic  theory. 

,c)  Range  of  angle  Indicates  approximate  length  of  crack,  (d)  These  bellows  were  tected  In  more  than  one  mode. 
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TABLE  K-7.  RESULTS  OF  FATIGUE  TESTS  OF  h-IKCK  Tf/E  3Vf  DIAPHUfi©^ 

{Test  Conditions:  Room  temperature,  80  cpm--eee  Appendix 
L  tor  other  details) 


TUacbrasm 

Total 

Stroke, 

Inch 

t  Stroke 
in 

Tension 

Internal 

Pressure, 

pal 

Local  Strain 

Range 

nin./in. 

Cycles  to 
Failure 

Failure  Location^  j  Remarks 

H086 

0.080 

50 

0.5 

2600 

625,000 

Did  not  fall 

JBL87 

0.000 

50 

0.-5 

2600 

625,000 

Did  not  fall 

JB179 

0.080 

100 

0.1 

2600 

227,^56 

Hub  weld,  crack  through  heat* 
affected  zone,  100°  to  230° 

jmOo 

0.000 

100 

0.3 

2600 

115,730 

Hub  weld,  crack  through  heat- 
affected  zone,  0°  to  36o° 

JD184 

0.160 

50 

0.5 

5200 

7,335 

Hub  weld,  crack  through  heat- 
affected  zone,  170°  to  230° 

JKLS5 

0.160 

50 

0.5 

5200 

^,767 

Hub  weld,  crack  through  heat- 
affected,  zone,  55°  to  125° 

JD182 

0.160 

100 

0.5 

5200 

2,173 

Fatigue  crack  in  trough  of 
center  corrugation  (Dim.  S), 
125°  to  220° 

JDI83 

0.160 

100 

0.5 

5200 

2,436 

Fatigue  crack  in  trough  of 

center  corrugation  (Dim.  S), 
85°  to  12j>° 


(a)  Manufacturer  E. 

(b)  Maximum  strain  range  at  diaphragm  ID,  calculated  from  elastic  theory. 

(c)  Range  of  angle  Indicates  approximate  length  of  crack. 


TABLE  N-8.  EXCESSIVE  VARIATION  IN  THE  FATIGUE  LIFE 
OF  WELDED  BELLOWS 


Bellows 

CD, 

inch 

Bellows 

Material 

Internal 

Pressure, 

psi 

Stroke, 

inch 

$  Stroke 
in 

Tension 

Fatigue  Life 

JDl4l 

3-1/2 

347  S.S. 

20 

0.240 

0 

453 

JD135  . 

_3:l/2_ 

347  s.s. 

20 

0.240 

0 

NF  1,747,069 

JD132 

3-1/2 

347  s.s 

20 

0.240 

SO 

73,322 

JD131  _ 

347  S.S. 

20 

0.240 

50 

NF  768,870 

JD166 

3 

AM350 

40 

0.240 

50 

37,145 

TABLE  K-&.  REDUCTION  IN  THE  FATIGUE  LIFE  OF  TYPE  347  9IAI1- 
LESS  STEEL  WELLED  BELLOWS  DUE  TO  PRESSURE-  INDUCES 
DIAPHRAGM  INTERFERENCE 


Bellows 

OD, 

inch 

Internal 

Pressure, 

psi 

Stroke, 

inch 

$  Stroke 
in 

Tension 

F&tigue 

Life 

JDI38 

3-1/2 

4 

0.480 

50 

158,115 

JD131 

3-1/2 

4 

0.480 

50 

158,520 

JD139 

3-1/2 

10 

0.480 

50 

195,600 

JD133 

3-1/2 

20 

0.480 

50 

11,382 

JD142 

3-1/2 

4o 

6.480 

50 

4,219 

JD145 

1-1/2 

4 

O.loO 

50 

831,864 

JD146 

1-1/2 

30 

0.160 

50 

776,163 

JD149 

1-1/2 

60 

0.160 

50 

27,694 

«TDl47 

1-1/2 

_ 22 _ 

O.160, 

_ 2® _ _ 

_ 4,010 

TABLE.  N-1 0.  EFFECT  OF  INCREASING  INTERNAL  PRESSURE 


ON  THE  FATIGUE  LIFE 

OF  WELDED  BELLOWS 

Internal 

$  Stroke 

OD, 

Bellows 

Pressure, 

Stroke, 

in 

Fatigue 

Bellows 

inch 

Material 

psi 

inch 

Tension 

Life 

JD148 

1-1/2 

347  ss 

4 

0.160 

50 

94,800 

JD144 

1-1/2 

347  SS 

4 

0.160 

50 

74,087 

JD153 

1-1/2 

347  SS 

30 

0.160 

50 

63,751 

JD152 

1-1/2 

347  SS 

60 

0.160 

50 

55,620 

JD151 

1-1/2 

347  SS 

90 

0.160 

50 

28,145 

JD161 

3 

AM350 

4 

0.240 

100 

140,137 

JD159 

3 

AM350 

4 

0.240 

100 

104,518 

JD162 

3 

AM350 

4o 

0.240 

100 

37,779 

JD163 

3 

AM350 

4o 

0.240 

100 

27,339 

JDI65 

3 

AM350 

80 

0.240 

100- 

26,219 

JD160 

3 

AM350 

80 

0.240 

100 

20, 39^ 

JD172 

1-1/2 

AM350 

4 

0.250 

60 

257,373 

JD174 

1-1/2 

AM350 

4 

0.250 

60 

211,987 

JD173 

1-1/2 

AM350 

4 

0.250 

60 

117,^50 

JD177 

1-1/2 

AM350 

60 

0.250 

60 

41,015 

JD178 

1-1/2  AM350 

60 

60 

32,203 
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TABLE  N-ll.  EFFECT  CF  PERCENT  STROKE  IN  TENSION  OR  TEE  FATIGUE 
LIFE  CF  l-l/2-INCH  THE  347  STAINLESS  STEEL  BELLOWS 


Bellows 

CD, 

inch 

Internal 
Pressure,  psi 

Stroke, 

inch 

$  Stroke 
in  Tension 

Fatigue 

Life 

JD145 

i-1/2 

4 

0.160 

0 

831,864 

JD146 

1-1/2 

30 

0.160 

6 

776,163 

JU148 

1-1/2 

4 

0.160 

50 

JD144 

1-1/2 

4 

0.160 

50 

74,087 

JD153 

1-1/2 

_  30 _ 

0.160 

_ 50 _ 

63,751 

TABLE  N-12.  COMPARISON  OF  THE  EFFECT  OF  INCREMENTS  OF  TENSION  AND 
COMPRESSION  ON  THE  FATIGUE  LIFE  CF  WELDED  BELLOWS 


Bellows 

OD, 

inch 

Bellows 

Material 

Internal 

Pressure, 

psi 

Basic  Stroke 
in  Tension, 
inch 

Additional 
Stroke  Incre¬ 
ment,  inch 

Fatigue 

Life 

1-1/2 

347  SS 

4 

0.120 

• 

412,322 

1-1/2 

347  SS 

4 

0.120 

- 

214,636 

n  *  HE 

1-1/2 

347  SS 

4 

0.120 

0.120  (conrpr.) 

53,598 

4 

0.120 

0.120  (ccmpr.) 

48,336 

1-1/2 

347  SS 

4 

0.120 

O.O66  (tens.) 

47,530 

1-1/2 

347  SS 

4 

0.120 

O.060  (tens.) 

51,916 

JDl68^ 

1-1/2 

AM350 

4 

0.150 

NF829,550 

JD172 

1-1/2 

AM350 

4 

0.150 

257,373 

JD173 

1-1/2 

AM350 

4 

0.150 

117,450 

JD174. 

1-1/2 

AM350 

4 

0.150 

0.100  (compr.)  211,987 

JDl68(a) 

1-1/2 

AM350 

4 

0.150 

0.050  (tens.) 

24,670 

JDI69 

1-1/2 

AM350 

4 

0.150 

0.050  (tens.) 

46,230 

JD170 

EH 

.  4 

^ ^O^^tens^^ 

(a)  This  bellows  was  tested  in  more  than  one  mode. 
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APPENDIX  O 


EVALUATION  OF  THE  CORROSION  BEHAVIOR  OF  BELLOWS  AND 
DIAPHRAGM  MATERIALS  FOR  AEROSPACE  APPLICATIONS  ' 


The  application  of  a  bellows  or  diaphragm  in  a  particular  environment  must  neces¬ 
sarily  take  into  account  the  corrosion  behavior  of  the  material  of  construction  in  order  to 
assure  the  planned  life  expectancy.  Of  the  various  rocket  fuels,  oxidizers,  and  other 
fluids  of  interest  to  the  Air  Force,  many  are  reactive  and  require  special  handling 
techniques  and  special  materials  of  construction. 

One  objective  of  the  program  was  the  study  of  the  corrosion  behavior  of  selected 
metals  and  alloys  on  the  basis  of  their  use  as  bellows  and  diaphragm  materials  in 
missile  fluids.  The  results  of  this  work  are  presented  in  four  categories: 

(1)  Forms  of  Corrosion  -  The  various  forms  of  corrosion  pertinent  to 
missile  systems  are  discussed  in  relation  to  bellows  and  diaphragms. 

(2)  Compatibility  to  Fluid  Media  -  The  general  compatibility  of  metals 
and  alloys  is  discussed  for  the  fluids  of  interest. 

(3)  Literature  Survey  -  A  summary  is  given  of  a  literature  survey  for 
pertinent  corrosion  data. 

(4)  Experimental  Program  -  A  summary  is  given  of  a  laboratory 
investigation  conducted  to  obtain  corrosion-fatigue  data  for 
selected  metal  coupons  tested  in  representative  fluids. 


Forms  of  Corrosion 


Corrosion  manifests  itself  in  a  number  of  ways.  The  attack  may  be  uniform  or  it 
may  be  localized  in  the  form  of  pits.  Corrosion  may  combine  with  other  deteriorating 
factors  such  as  static  or  cyclic  stresses  and  result  in  particularly  severe  damage.  It 
is  not  uncommon  for  several  forms  of  corrosion  to  occur  at  the  same  time,  although  one 
form  usually  predominates. 

Corrosion  and  oxidation  resistance  are  often  considered  as  entirely  separate 
characteristics.  However,  in  many  ways  they  are  very  similar.  Fortunately,  many 
of  the  commercial  alloys  noted  for  good  oxidation  resistance  are  equally  resistant  to 
corrosive  attack  in  many  media.  To  be  considered  useful,  a  material  must  have  ade¬ 
quate  corrosion  and/or  oxidation  resistance  in  the  service  media  when  subjected  to  the 
service  conditions. 
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The  following  sections  discuss  several  forms  of  corrosion  and  their  relationship 
to  the  performance  of  bellows  in  the  candidate  environments.  These  forms  are: 

(1)  Uniform  attack 

(2)  Pitting^ 

(3)  Corrosion  fatigue 

(4)  Stress-corrosion  cracking 

(5)  Intergranular  attack 

(6)  Preferential  phase  dissolution 

(7)  Erosion  corrosion 

(8)  Galvanic  attack 

(9)  Concentration  cell  corrosion 

(10)  Oxidation. 


Uniform  Attack 


Uniform  attack  of  metal  systems  is  the  most  common  form  of  metal  corrosion 
caused  by  chemical  or  electrochemical  reaction.  It  iB  typified  by  uniform  wastage  of 
the  metal  and  can  be  measured  by  loss  of  weight  or  thickness.  Since  highly  corrosion- 
resistant  materials  will  normally  be  selected,  this  type  of  attack  will  present  no  great 
problem  in  the  design  of  bellows  and  diaphragms.  When  less  resistant  materials  are 
considered,  then  weight  change  data  can  be  used  to  establish  adequate  corrosion  allow¬ 
ances  to  insure  satisfactory  equipment  life. 


Pitting 

Pitting  is  one  of  the  most  detrimental  forms  of  corrosion,  since  failure  can  occur 
owing  to  perforation  of  metals  with  relatively  little  overall  weight  loss.  Pitting  is  a 
localized  form  of  attack  and  is  often  initiated  as  a  result  of  the  presence  of  impurities, 
inclusions,  rough  spots,  nicks  on  the  metal  surface,  crevices,  etc.  ,  which  promote 
localized  breakdown  of  protective  surface  films.  Pits  can  also  be  points  of  initiation 
for  other  forms  of  attack  such  as  stress-corrosion  cracking  or  corrosion  fatigue. 

The  choice  of  materials  for  bellows  and  diaphragms  must  be  restricted  to  those 
materials  in  which  little  or  no  pitting  has  been  observed  in  the  required  environments. 


Corrosion  Fatigue 

Corrosion  fatigue  can  be  defined  as  the  combination  of  the  effects  of  corrosion  and 
cyclic  stress  occurring  at  the  same  time.  Many  metals  are  said  to  have  a  "fatigue  limit" 
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or  a  limit  of  stresses  below  which  failures  caused  by  cyclic  loading  are  not  expected. 

This  is  true  only  in  the  absence  of  corrosion,  since  no  fatigue  limit  exists  when  corrosion 
is  present. 

Fatigue  tests  are  most  often  conducted  in  air.  After  a  sufficient  number  of  cycles 
at  high  enough  loads,  fatigue  bracking  will  occur.  Corrosion  is  usually  considered  to 
play  no  part  in  this  process,  although  air  and  moisture  do  cause  some  corrosion.  How¬ 
ever,  in  general,  corrosion  in  air  has  only  a  moderate  effect  on  fatigue  properties. 

When  attack  is  more  severe,  corrosion  fatigue  must  be  measured  in  terms  of  "endurance 
limit"  or  the  highest  stress  which  can  be  withstood  without  failure  in  a  particular  number 
of  cycles,  say  10^  cycles. 

With  corrosion  fatigue,  the  total  time  duration  of  the  exposure  is  important  as 
well  as  the  number  of  cycles  to  failure,  since  corrosion  is  time  dependent.  For  instance, 
if  the  rate  of  cyclic  stressing  i3  high,  failure  may  occur  before  significant  corrosion  has 
taken  place.  In  this  case,  the  endurance  limit  will  be  nearly  the  same  as  that  for  air. 

On  the  other  hand,  if  cyclic  stressing  rates  are  low,  the  specimen  may  be  severely  cor¬ 
roded  before  a  large  number  of  stress  cycles  is  reached.  In  this  instance  there  will  be 
a  large  difference  between  the  endurance  limit  with  and  without  corrosion.  Thus,  in 
corrosion-fatigue  studies  there  are  two  variables:  stress  and  cyclic  rate. 

The  corrosion  resistance  of  many  metals  is  a  function  of  the  corrosion-product 
film  on  the  metal  surface.  Cyclic  stresses  tend  to  rupture  or  render  more  permeable 
these  protective  films  which  usually  retard  corrosion.  Also,  fatigue  produces  worked 
or  distorted  areas  on  the  metal  surfaces.  These-worked  areas  are  more  susceptible  to 
corrosive  attack  while  undergoing  distortion,  and  a  change  in  the  local  area  ratios  of 
anode  to  cathode  may  cause  a  variation  in  polarization,  with  accompanying  accelerated 
attack.  In  either  case,  fatigue  increases  localized  corrosion  rates  and  promotes  the 
formation  of  notches.  In  turn,  the  nptches  accelerate  the  fatigue  damage. 

From  the  standpoint  of  bellows  and  diaphragm  applications,  corrosion  fatigue  can 
be  a  serious  limitation  to  the  choice  of  materials  of  construction.  Some  materials  may 
be  eliminated  and  the  allowable  stress  for  others  may  be  drastically  reduced  in  very 
reactive  oxidizing  media.  Since  corrosion  fatigue  data  were  not  available  for  many 
combinations  of  materials  and  propellants  of  interest  to  the  program,  representative 
data  were  obtained  by  selected  laboratory  tests. 


Stress- Corrosion  Cracking 

Stress-corrosion  cracking  can  be  described  as  an  interaction  between  static  ten¬ 
sile  stress  and  corrosion,  causing  more  rapid  failure  than  the  sum  of  the  individual 
effects  of  stress  and  corrosion  acting  separately.  The  failure  is  characterized  by  a 
brittle-type  fracture  in  an  otherwise  ductile  material.  Often  severe  cracking  occurs  in 
the  absence  of  any  significant  general  corrosion.  Stress-corrosion  cracking  is  believed 
to  occur  only  with  alloy  systems  and  generally  not  with  pure  metals.  Microscopically 
small  branched  cracks,  either  transgranular  or  intergranular,  promote  stress  - 
corrosion  cracking. 

Tensile  stresses  must  be  present  at  the  surface  for  stress-corrosion  cracking  to 
occur.  Both  residual  and  applied  stresses  must  be  considered.  The  magnitude  of  the 
stress  is  also  critical,  since  the  rate  of  failure  increases  with  an  increase  in  stress 
levels. 
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The  environments  which  initiate  stress-corrosion  cracking  are  often  specific.  For 
instance ,  some  high-  strength  steels  fail  rapidly  under  conditions  of  atmospheric  ex¬ 
posure.  Table  0-1  lists  a  number  of  environments  known  to  cause  stress-corrosion 
cracking.  For  bellows  and  diaphragms ,  both  high  residual-tensile  and  high  applied- 
tensile  stresses  could  be  present  during  long-term  storage^  Thus,  susceptible  mate¬ 
rials  exposed  under  certain  environments  might  fail  with  little  or  no  warning. 

In  the  fuel  and  oxidizer  systems  under  consideration,  the  role  of  stress-corrosion 
cracking  has  not  been  completely  defined.  To  date,  stress-corrosion  cracking  has  not 
been  found  to  be  a  problem  in  most  of  the  systems.  However,  many  of  the  high-strength 
alloys  suffer  severe  stress-corrosion  cracking  under  atmospheric  conditions.  For  this 
reason,  adequate  stress-corrosion-cracking  data  would  be  required  for  candidate  ma¬ 
terials  under  exposure  to  the  anticipated  fluid  media,  as  well  as  under  atmospheric 
exposure. 


Intergranular  Attack 

Intergranular  attack  results  when  the  grain  boundaries  of  an  alloy  are  selectively 
attacked  in  a  given  environment.  In  this  manner,  whole  grains  can  fall  out,  or  disin¬ 
tegration  of  the  whole  metal  can  occur,  even  though  a  relatively  small  percentage  of  the 
metal  is  removed.  A  crystalline  or  sugary  appearance  is  produced. 

Welding  or  improper  heat  treatment  of  alloys  is  a  common  cause  of  intergranular 
attack.  For  instance,  on  the  18-8  stainless  steels,  corrosion  can  be  intergranular  when 
chromium  carbides  are  allowed  to  precipitate  in  the  grain  boundaries.  This  is  min¬ 
imized  by  using  an  extra- low-carbon  grade  of  steel- or  by  the  addition  of  carbon 
stabilizers  such  as  columbium  or  titanium. 

With  some  metals,  an  intergranular  type  of  corrosion  is  the  usual  mode  of  attack. 
In  these  cases,  the  depth  of  penetration  and  the  severity  must  be  considered.  In  most  of 
the  selected  environments,  severe  intergranular  attack  has  not  been  reported  and  should 
not  affect  the  choice  of  materials  for  bellows  and  diaphragms. 


Preferential  Phase  Dissolution 


Preferential  phase  dissolution  occurs  when  a  less  resistant  phase  is  selectively 
removed  from  an  alloy,  leaving  a  porous  structure.  Usually  the  dimensions  of  the 
structure  do  not  change,  and  attack  is  not  detected  until  failure  occurs.  Dezincification 
of  brasses  in  water  and  decobaltization  of  Stellite  in  sulfuric  acid  are  examples. 

This  type  of  attacic  is  not  often  encountered  and  is  not  expected  to  complicate  the 
selection  of  materials  in  the  anticipated  environments  for  bellows  and  diaphragms. 


Erosion  Corrosion 


Erosion  can  be  combined  with  corrosion  to  produce  severe  attack,  often  of  a  local 
nature.  Many  metals  owe  their  corrosion  resistance  to  protective  films.  The  removal 
of  these  films  by  erosion  exposes  fresh  metal  to  attack.  As  a  result,  the  metal  corrodes 
more  rapidly  than  it  does  in  the  absence  of  erosion.  Special  terms  are  applied  to 
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different  forms  of  attack,  such  as  erosion  corrosion,  impingement  attack,  cavitation, 
and  fretting  corrosion.  The  surface  of  the  metal  often  appears  worn  or  abraded  by  the 
attack. 

Because  of  the  thin  materials  of  construction,  care  should  be  taken  to  prevent 
high  velocities  and  direct  impingement  on  bellows  and  diaphragms. 


Galvanic  Attack 


Galvanic  attack  is  often  termed  two-metal  corrosion.  When  two  dissimilar  metals 
are  connected  in  a  corrosive  liquid  or  conductive  solution,  a  potential  is  set  up  between 
them  and  a  current  flows.  Attack  of  the  less  resistant  metal  is  accelerated,  while  the 
more  resistant  metal  is  protected.  Since  the  current  density  is  proportional  to  the  area 
exposed,  the  area  of  the  more  resistant  or  more  noble  material  should  be  kept  small  in 
relation  to  that  of  the  less  resistant  metal.  Metal  loss  is  usually  greatest  at  the  point 
of  contact  with  the  noble  metal. 

Galvanic  corrosion  should  not  be  a  problem  in  bellows  and  diaphragms,  since,  in 
general,  dissimilar  metals  will  not  be  used  in  their  construction.  When  they  are  used, 
those  chosen  will  be  near  to  each  other  in  the  galvanic  series  so  that  severe  galvanic 
attack  should  be  prevented.  In  addition,  many  of  the  proposed  fluids  are  nonconductive, 
so  that  a  flow  of  current,  necessary  for  galvanic  corrosion,  will  not  occur. 


Concentration- Cell  Corrosion 

Concentration  cells  between  areas  of  different  concentrations  in  an  ionic  solution 
can  cause  a  potential  difference  and  a  current  flow.  An  example  of  the  result  of  this  is 
the  corrosion  occurring  in  crevices  and  cracks.  In  aqueous  solutions,  a  concentration 
cell  can  be  set  up  by  a  buildup  of  ions  in  a  stagnant  area,  or  by  depletion  of  the  corrodant 
by  corrosion.  In  systems  which  are  open  to  the  atmosphere,  concentration  cells  of  high 
and  low  oxygen  contents  are  often  found. 

Although  crevices  may  be  common  in  bellows  and  diaphragms,  crevice  corrosion 
is  not  expected  in  the  anticipated  environments  because:  (1)  many  of  the  fluids  are  non¬ 
ionic  and  (2)  the  fluids  will  be  completely  closed  to  outside  contaminants. 


Oxidation 


Oxidation  attack  can  be  considered  a  type  of  corrosion  in  which  oxygen  in  the  air 
is  the  corrosive  medium.  Oxidation  resistance  will  be  extremely  important  in  selecting 
materials  for  high-temperature  service  where  a  portion  of  the  component  is  exposed  to 
air.  Oxidation  attack  may  proceed  by  most  of  the  mechanisms  previously  discussed  for 
general  corrosion. 

The  rate  of  oxidation  of  any  alloy  depends  on  the  access  of  oxygen  atoms  available 
to  the  metallic  surface.  The  initial  growth  rate  of  the  oxide  film  follows  a  parabolic  re¬ 
lationship,  since  growth  is  controlled  by  the  diffusion  rate  of  metal  ions  through  any 
existing  film.  After  the  initial  growth  period,  further  oxidation  depends  greatly  on  the 
oxide-film  characteristics.  If  the  film  is  tight  and  adherent,  growth  may  essentially 
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stop.  Such  oxide  films  are  usually  referred  to  as  protective  oxides.  Aluminum,  for 
example,  forms  such  a  film.  Oxide  films  that  crack  or  spall  are  ncnprotective.  Oxida¬ 
tion  rates  also  are  highly  temperature  dependent,  increasing  rapidly  with  increasing 
temperature.  Small  alloy  additions  may  cause  significant  changes  in  the  nature  of  the 
oxide  film.  For  example,  aluminum  additions  to  nickel-base  alloys  greatly  increase 
high-temperature-  oxidation  resistance. 

In  some  alloys,  oxidation  may  occur  selectively  at  grain  boundaries,  accelerating 
the  effective  rate  of  penetration.  Other  alloys  may  have  the  mechanical  properties  of 
their  surfaces  altered  significantly  by  oxidation.  While  such  surface  effects  are  not 
normally  of  concern,  they  are  very  important  in  the  thin  elements  of  bellows  and 
diaphragms. 


Compatibility  With  Fluid  Media 

In  missiles,  bellows  and  diaphragms  are  usually  used  in  fluid  systems.  Thus,  the 
environments  for  the  bellows  and  diaphragms  are  determined  by  the  fluid  media.  For 
missiles,  these  media  can  be  divided  into  three  groups: 

(!)  Cryogenic  propellants  -  hydrogen,  oxygen,  fluorine,  ,FLOX,  and 
possibly  diborane 

(2)  Storable  propellants  -  UDMH-hydrazine  blends,  MMH,  pentaborane, 

N204,  C1F3,  NF3,  and  N£F4 

(3)  Gases  -  helium,  nitrogen,  hydrogen,  methane,  fluorine,  and 
combustion  products. 

Selected  physical  properties  of  these  fluids  are  listed  in  Table  0-2. 

The  exposure  conditions  of  a  given  bellows  or  diaphragm  vary  considerably  for 
the  three  groups.  Under  current  Air  Force  practice,  materials  exposed  to  the  cryogenic 
propellants  can  be  in  service  at  temperatures  ranging  from  -423  to  200  F.  Storable 
propellant  systems  have  service  temperatures  from  -65  F  to  600  F.  In  some  systems, 
such  as  for  combustion  gases,  temperatures  above  1000  F  can  be  encountered. 

Materials  are  selected  for  corrosive  applications  on  the  basis  of:  (1)  overall  cor¬ 
rosion  resistance,  (2)  impact  sensitivity  of  the  metal  to  reaction  with  the  environment, 
and  (3)  catalytic  effect  of  the  metal  on  the  decomposition  of  the  environment. 

Another  important  consideration  is  the  behavior  of  the  metals  and  alloys  in  the 
atmosphere.  For  example,  many  of  the  ultrahigh- strength,  low-alloy  steels  and 
precipitation-hardening  stainless  steels  will  experience  stress-corrosion  cracking  in 
marine  atmospheres.  Similar  conditions  may  promote  pitting  of  other  alloy  systems. 

The  proper  selection  of  materials  of  construction  and/or  protective  treatment  can  do 
much  to  minimize  the  corrosion  problem. 

The  following  sections  discuss  the  known  corrosion  data  and  the  limitations 
imposed  by  the  fluids  of  interest. 


Cryogenic  Propellants 


With  cryogenic  propellants,  the  first  consideration  is  the  mechanical  properties  of 
the  candidate  materials.  Failure  often  results  from  loss  of  ductility  at  low  temperatures. 
Face-centered  cubic  metals,  and  alloys  which  form  solid  solutions  do  not  exhibit  brittle 
fracture  at  low  temperature  and  thus  can  be  used  to  -423  F.  Some  hexagonal  close- 
packed  metals,  such  as  magnesium  and  titanium,  can  be  used  in  special  cases. 

There  is  essentially  no  corrosion  of  metals  at  the  low  temperatures  of  the  cryo¬ 
genic  propellants.  However,  in  the  oxidizer  systems,  sensitivity  to  reactions  caused 
by  energy  inputs,  such  as  impact,  must  be  considered.  For  instance,  in  LOX,  titanium 
alloys  can  be  ignited  by  impact  or  by  puncture,  resulting  in  violent  reactions.  In  such 
cases  the  reaction  continues  until  the  metal  or  the  oxygen  is  consumed.  Contamination 
of  the  oxidizer  systems  with  reactive  organic  materials  can  also  cause  severe  damage. 

If  the  organic  material  is  ignited,  the  intense  heat  can  trigger  rapid  oxidation  which  may 
consume  the  system. 


Hydrogen.  Corrosion  is  not  considered  to  be  a  problem  with  liquid  hydrogen.  Ma¬ 
terials  such  as  the  austenitic  stainless  steels  and  the  nickel-base,  aluminum-base,  and 
copper-base  alloys  are  frequently  used.  Some  magnesium  alloys  and  titanium  alloys, 
Ti-6A1-4V  and  Ti-5Al-2.  5Sn,  are  used  with  care. 

Room-temperature  and  high-temperature  considerations  for  hydrogen  are  discussed 
under  gases. 


Diborane.  Diborane,  B2H^,  is  a  relatively  noncorrosive  gas  which  is  readily 
stored  in  low-alloy- steel  containers.  Since  it  decomposes  slowly  at  room  temperature 
and  rapidly  above  about  290  F,  it  is  generally  stored  at  32  F  or  below. 


Oxygen.  Little  corrosion  occurs  in  liquid  oxygen.  Most  of  the  common  aircraft 
metals  are  satisfactory  for  use.  Titanium  and  its  alloys  are  not  recommended  for  LOX 
service  because  of  their  impact  sensitivity  in  LOX. 

With  gaseous  oxygen  at  temperatures  up  to  about  200  F,  the  stainless  steels  and 
the  nickel-base,  copper-base,  and  aluminum-base  alloys  all  give  good  service  even  at 
high  pressures.  At  temperatures  up  to  1500  F,  the  materials  of  construction  are 
limited  to  a  few  of  the  high-strength  alloys  with  good  oxidation  resistance,  such  as  those 
containing  chromium,  nickel,  and  cobalt. 

Most  of  the  available  information  on  oxygen  is  either  at  high  pressure  and  low  tem¬ 
perature  or  low  pressure  and  high  temperature.  The  combination  of  both  high  tempera¬ 
ture  and  high  pressure  is  a  severe  condition,  since  the  reactivity  of  oxygen  increases 
with  increase  of  both  temperature  and  pressure.  Many  of  these  data  will  have  to  be 
developed  as  required. 


Fluorine.  High-purity  liquid  fluorine  is  not  corrosive  to  most  of  the  common 
metals  used  in  the  aerospace  industry.  If  moisture  is  present,  HF  can  form.  In  this 
case,  Monel  is  the  best  choice;  the  stainless  steels  show  a  low  corrosion  rate,  but  they 
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tend  to  scale  up.  Titanium  is  slightly  impact  sensitive  in  liquid  fluorine ,  but  the  reaction 
does  not  propagate  and  the  damage  is  about  the  same  as  that  from  the  impact  alone. 

Owing  to  the  reactivity  of  fluorine,  fluorine  systems  are  particularly  susceptible  to 
erosion  corrosion.  Corrosion  considerations  for  gaseous  fluorine  are  discussed  under 
gases. 


FLOX.  FLOX ,  a  solution  of  fluorine  and  oxygen,  is  generally  handled  with  the 
same  care  as  fluorine,  although  it  may  be  slightly  less  corrosive^  The  same  general 
comments  for  oxygen  and  fluorine  apply  to  FLOX. 


Storable  Propellants 

The  storable  propellants  are  generally  those  fuels  and  oxidizers  which  can  be 
stored  at  moderate  temperatures  and  pressures  without  extensive  supervision.  While 
many  of  the  propellants,  such  as  hydrazine  or  N2O4,  are  truly  storable,  other  propel¬ 
lants  such  as  CIF3,  NF3,  and  N2F4  are  storable  only  under  pressure  or  at  temperatures 
below  room  temperature  (see  Table  0-2). 


UDMH-Hydrazine  Blends.  The  hydrazine  fuels  are  slightly  alkaline  in  nature  and 
many  common  metals,  with  certain  exceptions,  can  be  used.  The  stainless  steels, 
nickel,  and  titanium  alloys ,  many  aluminum  alloys ,  and  many  cobalt  alloys  are  quite 
resistant.  Magnesium  alloys  have  poor  resistance  to  the  fuel  blend. 

Decomposition  of  the  fuel  blend  can  readily  occur  with  certain  materials  such  as 
copper,  iron,  and  possibly  molybdenum  acting  as  catalysts.  Therefore,  copper  and  iron 
alloys  are  not  used  for  general  service.  Some  early  data  indicated  that  the  molybdenum¬ 
bearing  stainless  steels,  such  as  Type  316,  would  catalyze  decomposition  of  the  fuel. 
More  recent  data  have  shown  Type  316  to  be  as  good  as  other  stainless  steels. 

The  hydrazine  fuel  can. also  decompose  with  temperature  and  the  maximum  service 
temperature  is  about  200  F. 


Monomethylhydrazine.  Monomethylhydrazine  is  similar  to  the  UDMH-hydrazine 
blends.  Metals  suitable  for  the  fuel  blend  are  also  suitable  for  MMH. 


Pentaborane.  Pentaborane  is  an  extremely  toxic  liquid  which  is  compatible  with 
the  common  metals  of  the  aerospace  industry,  including  carbon  steels  and  stainless 
steels,  and  nickel-base,  aluminum-base,  titanium -base,  and  copper-base  alloys.  De¬ 
composition  of  pentaborane  occurs  at  about  300  F. 

No  difficulties  from  corrosion  are  anticipated  with  bellows  and  diaphragms  used 
with  pentaborane. 


Nitrogen  Tetroxide.  N2O4  is  an  oxidizer  which  forms  nitric  acid  in  the  presence 
of  water.  When  N2O4  is  dry,  most  common  metals  can  be  used,  including  stainless 
steels,  titanium  alloys,  steels,  nickel  alloys,  and  aluminum  alloys.  Magnesium  alloys 
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show  only  fair  resistance  to  dry  N2O4.  In  moist  N2O4,  only  those  materials  which  are 
resistant  to  nitric  acid  can  be  used.  The  metals  are  limited  to  the  stainless  steels 
(including  PH  alloys)  and  titanium  alloys.  Titanium  is  slightly  impact  sensitive  in 
N2O4,  but  this  is  not  considered  to  affect  its  compatibility  with  liquid  N2O4.  At  high 
temperature  and  high  pressure,  the  oxidation-resistant  chromium-nickel  stainless 
steels  probably  will  be  required.  In  order  to  prevent  stress-corrosion  cracking  of 
titanium  alloys,  green  N2O4,  containing  0. 4  to  0.  8  percent  NO  as  an  inhibitor  is 
specified. 


Chlorine  Trifluoride.  Chlorine  trifluoride  can  be  handled  by  many  common  metals. 
As  with  fluorine,  a  coating  is  formed  on  metals,  which  provides  protection  from  cor¬ 
rosive  attack.  Among  the  metals  which  are  resistant  to  CIF3  are  steel,  stainless  steel, 
nickel.  Monel,  and  copper-base  alloys.  Monel  and  nickel  are  preferred  because  of 
their  resistance  to  HF  and  HC1  which  are  formed  by  the  reaction  of  CIF3  with  water. 
Titanium  is  rapidly  attacked  by  CIF3. 


Nitrogen  Trifluoride.  NF3  is  an  oxidizer  similar  to  fluorine  and  is  generally 
stored  below  room  temperature.  It  is  handled  by  the  same  metals  as  those  used  with 
fluorine  and  oxygen.  It  is  less  reactive,  however,  than  fluorine.  It  is  a  relatively 
stable  gas  at  room  temperature  and  can  be  stored  in  steel  cylinders  at  room  tempera¬ 
ture  at  pressures  of  600  psi.  Stainless  steel  or  nickel  would  be  required  for  handling 
above  room  temperature.  Stainless  steel  has  been  used  for  short  periods  of  time  at 
temperatures  as  high  as  750  F  at  500  psi.  Additional  corrosion  data  are  needed  to  de¬ 
termine  adequately  the  high-temperature  and  high-pressure  service  for  NF3. 


Tetrafluorohydrazine.  N2F4  is  handled  in  a  manner  similar  to  NF3.  At  temper¬ 
atures  of  840  F,  copper  and  stainless  steels  show  attack,  as  would  be  expected  on  the 
basis  of  fluorine  data.  Mild  steel  at  840  F  is  heavily  attacked  but  the  corrosion  product 
appears  to  be  adherent.  Additional  corrosion  data  for  high-temperature  and  high- 
pressure  service  are  required  for  N2F4. 


Gases 


High-temperature  and  high-pressure  service  may  be  experienced  for  certain 
gases.  As  temperatures  and  pressures  are  increased,  the  physical  properties  of  the 
metals  become  especially  important,  and  high-strength  metals  are  required.  The  fol¬ 
lowing  sections  discuss  the  temperature  and  pressure  limitations  of  the  gases  from  the 
standpoint  of  corrosion. 


Helium.  Helium  does  not  react  with  metals  and  corrosion  is  not  a  problem. 


Nitrogen.  Nitrogen  is  not  corrosive  to  most  common  metals  at  moderate  temper¬ 
atures  and  pressures.  At  atmospheric  pressures,  steels,  stainless  steels,  nickel,  or 
cobalt-base  alloys  show  little  corrosion  at  temperatures  of  the  order  of  1000  F.  At 
1500  F,  some  metals  can  become  embrittled  with  nitrogen. 
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At  temperatures  of  about  1500  F  and  higher ,  high- chromium -nickel  stainless 
steels  are  required  for  nitrogen  service.  At  pressures  above  atmospheric,  the  cor¬ 
rosion  is  expected  to  be  more  severe.  The  relationship  between  maximum  tempera¬ 
tures  and  pressures  on  the  corrosion  of  metal  is  not  well  defined. 


Hydrogen.  Materials  can  be  embrittled  at  elevated  temperatures  and  pressures 
when  in  contact  with  hydrogen.  Thus,  titanium  alloys  are  not  recommended  for  such 
use  above  about  200  F.  Copper-base  alloys  are  not  subject  to  attack;  however,  when 
they  contain  oxides,  the  formation  of  water  from  reaction  with  hydrogen  can  cause 
rupture  of  the  metal  at  temperatures  as  low  as  750  F.  Chromium-nickel  stainless  steel 
alloys  (18-8  and  25-20)  of  low  carbon  content  are  not  embrittled  up  to  3000  psi  at  930  F, 
while  at  3700  psi,  18-8  stainless  steel  becomes  embrittled  at  840  F.  Cobalt-base  alloys 
are  considered  resistant  to  hydrogen  at  least  up  to  1800  F.  High-nickel  alloys,  free 
from  oxides,  are  not  adversely  affected  by  hydrogen.  Under  conditions  of  higher  tem¬ 
peratures  or  pressures,,  additional  data  will  be  required. 


Methane,  At  room  temperature,  methane  is  not  corrosive  to  common  materials  of 
construction.  Methane  is  a  reducing  gas  and  at  high  temperatures  will  tend  to  disas¬ 
sociate  into  carbon  and  hydrogen.  Metals  resistant  to  both  hydrogen  embrittlement  and 
to  carburization  will  be  required.  In  general,  stainless  steels  are  used  for  service  at 
temperatures  of  1000  F  and  above. 

The  effects  of  high-pressure  methane  on  the  corrosion  of  metals  at  high  temper¬ 
ature  are  not  fully  known.  High  pressures  may  tend  to  depress  the  dissociation  of 
methane  and  may  reduce  its  corrosiveness. 


Fluorine.  Fluorine  gas  can  be  contained  in  many  common  metals  because  a  tightly 
adherent  fluoride  film  is  formed.  The  temperature  to  which  a  metal  is  usually  resistant 
appears  to  be  related  to  the  vapor  pressure  of  its  fluoride  film.  Thus>  nickel  is  re¬ 
sistant  to  about  1200  to  1300  F,  aluminum  and  copper  to  700  F,  steels  (including  stainless 
steels)  to  400  to  600  F,  and  titanium  to  300  F.  Alloys  containing  silicon,  molybdenum, 
columbium,  or  carbon  may  be  susceptible  to  pitting  owing  to  the  high  vapor  pressure  of 
their  fluorides. 

The  reactivity  of  fluorine  increases  rapidly  with  pressure  as  well  as  temperature. 
The  handling  of  fluorine  above  1000  psi  is  difficult.  Gas  cylinders  normally  are  used 
for  only  400  psi. 


Combustion  Products.  The  exhaust  from  solid-  and  liquid-propellant  motors  con¬ 
tains  a  variety  of  combustion  products.  These  products  may  vary  from  water,  CO,  and 
CO2,  to  more  corrosive  media  containing  oxides  of  nitrogen,  HF,  or  HC1.  In  addition, 
solid-propellant  exhaust  may  contain  oxides  of  various  metals  such  as  Al^Oj. 

In  most  cases,  the  general  class  of  materials  known  as  high-temperature  oxidation 
resistant  alloys  will  be  required.  (See  the  discussion  on  oxygen.)  Where  chlorides  and 
fluorides  are  found,  alloys  containing  molybdenum  and/or  high  nickel  will  be  preferred. 
Where  nitrates  are  present  in  solid-propellant  exhaust,  titanium  might  be  useful  up  to 
about  1000  F. 
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Atmospheric  Environment*  Though  the  environment  of  rocket  propellants  on  the 
inside  of  missile  hardware  is'an  important  consideration  for  bellows  and  diaphragms  ^ 
the  atmospheric  conditions  must  also  be  considered^  The  atmospheric  environment  may 
take  several  forms:  ordinary  air,  marine  atmosphere,  air  contaminated  with  small 
amounts  of  propellant,  and  any  of  the  first  three  with  moisture,  depending  upon  the 
storage  conditions. 

Many  of  the  materials  of  construction  that  might  be  selected  on  the  basis  of  propel¬ 
lant  compatibility  will  be  resistant  to  ordinary  or  salt-contaminated  atmospheric  cor¬ 
rosion  as  well.  Examples  are  cobalt  alloys,  nickel  alloys,  titanium  alloys,  and  some 
copper  alloys.  The  two  main  groups  which  may  not  be  compatible  with  the  possible 
atmospheric  environments  are  the  high-strength,  low-alloy  steels  and  the  high-strength 
aluminum  alloys.  The  steel  alloys,  heat-treated  to  their  highest  strength  levels,  are 
susceptible  to  stress-corrosion  cracking  in  relatively  mild  conditions,  and  are  very 
susceptible  if  chlorides  are  present. 

Though  the  group  of  resistant  alloys  discussed  above  is  not  subject  to  stress- 
corrosion  cracking  in  ordinary  air,  these  alloys  may  be  in  propellant-contaminated  air. 
Some  data  are  available  on  stress-corrosion  cracking  caused  by  propellant  contaminants, 
but  very  little  corrosion-fatigue  data  are  available. 

Oxidation  resistance  will  be  a  required  property  for  components  exposed  to  air  at 
high  temperatures.  Nickel-base  alloys  will  be  most  useful  at  temperatures  between 
about  1200  and  1800  F.  Since  the  refractory  alloys  exhibit  very  poor  oxidation  resistance, 
they  will  require  protection  from  air  by  some  suitable  means. 


Literature  Search 


A  search  was  made  of  the  literature  for  corrosion  data  for  candidate  bellows  ma¬ 
terials.  Although  general  corrosion  data  were  found  for  most  media,  corrosion-fatigue 
data  relating  to  the  requirements  of  this  program  were  scarce. 

The  abstract  series  utilized  included  the  National  Association  of  Corrosion 
Engineers  (1945  to  1967)  and  Chemical  Abstracts  (1957  to  1967).  Many  of  the  references 
contained  extensive  bibliographies,  and  some  of  these  "subreferences"  provided  pertinent 
material. 

The  search  was  conducted  under  several  headings.  The  headings  fell  essentially 
into  three  groups: 

(1)  General  -  Typical  headings  searched  were  "Corrosion  Fatigue" 
and  "Fatigue". 

(2)  Metals  -  Corrosion  data  were  sought  for  the  metals  listed  in 
Tables  0-3  and  0-4. 

(3)  Environments  -  Corrosion  data  were  sought  for  the  pertinent 
metals  by  environment. 
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The  combined  literature  of  fatigue  and  corrosion  fatigue  for  metals  is  quite  ex¬ 
tensive.  The  researches  oh  fatigue  are  far  more  numerous,  however.  In  reality,  many 
of  the  fatigue  data  are  corrosion- fatigue  data  because  the  tests  were  conducted  in  air, 
and  it  has  been  shown  that  the  fatigue  limit  of  a  metal  is  higher  in  vacuum  than  in  air. 
Accordingly,  in  this  report,  corrosion  fatigue  is  taken  to  mean  failure  in  any  atmosphere 
other  than  a  vacuum.  However,  air  data  are  given  only  where  data  in  other  media  were 
available.  In  many  cases,  the  reports  did  not  fully  describe  the  conditions  under  which 
fatigue  life  was  determined.  For  example,  where  the  testing  was  done  in  air,  no 
relative-humidity  data  were  included  and  it  is  known  that  this  can  have  an  influence  on 
fatigue  life. 

Table  0-5  contains  data  on  the  general  corrosion  of  the  pertinent  metals.  Most  of 
these  data  were  taken  from  OMIC  Memorandum  201(1)*  This  table  is  included  because 
there  are  few  data  on  corrosion  fatigue,  and  Table  0-5  serves  to  screen  those  metals 
which  corrode  moderately  or  severely.  The  entries  in  Table  0-5  follow  the  system 
used  in  DMIC  Memorandum  201.  The  significance  of  the  Digits  1,  2,  3,  and  4  is  ex¬ 
plained  in  Table  0-5.  Compositions  or  types  for  various  alloys  are  also  entered  in 
Table  0-5.  For  example,  under  brass,  the  type  "red",  or  composition  "70-30",  is 
given.  In  addition,  the  temperature  at  which  the  corrosion  resistance  was  determined 
is  given  in  Fahrenheit. 

Table  0-6  contains  the  available  corrosion- fatigue  data.  In  some  cases,  the  data 
follow,  in  general,  the  rule  that  the  fatigue  limit  in  a  corrosive  medium  is  less  than  that 
in  air.  For  low  temperatures,  the  data  equally  indicate  that  the  fatigue  limit  increases 
with  a  decrease  in  temperature. 


Experimental  Program 


The  combined  effect  of  corrosion  and  cycle  stress  (corrosion  fatigue)  is  a  critical 
factor  in  the  selection  of  materials  for  bellows  and  diaphragms.  As  described  in  the 
previous  section,  such  data  are  not  readily  available  for  the  more  common  rocket- 
propellant  fluids.  Consequently,  it  was  decided  that  representative  corrosion-fatigue 
data  should  be  obtained  by  fatigue  tests  conducted  with  coupons  of  selected  metal  ex¬ 
posed  to  representative  rocket-propellant  fluids. 


Selected  Test  Fluids 


The  fluid  media  of  interest  to  the  Air  Force  were  divided  into  five  groups  on  the 
basis  of  chemical  properties  and  availability  of  corrosion  data  (see  Table  0-7).  Chlorine 
trifluoride,  a  storable  propellant,  was  selected  to  represent  Group  I,  which  included 
fluorine,  nitrogen  trifluoride,  tetrafluorohydrazine,  and  FLOX  mixtures.  Nitrogen 
tetroxide,  the  only  propellant  in  Group  2,  was  chosen  because  it  is  chemically  quite  dif¬ 
ferent  from  the  other  oxidizers,  and  because  of  its  importance  in  fluid  systems.  The 
50/50  UDMH- hydrazine  blend  (Group  3)  was  selected  to  represent  the  hydrazine-type 
fuels  such  as  UDMH,  hydrazine,  and  monomethylhydrazine.  The  compositions  of  the 
purchased  fluids  are  shown  in  Table  0-8.  No  evaluation  was  made  of  materials  from 
Group  IV  since  inert-gas  fatigue  data  or  moderate-temperature  air- fatigue  data  could 
be  used  in  place  of  actual  corrosion- fatigue  data.  In  addition,  no  materials  from 

I»r  Appendix  O  arc  Ikied  on  pp  0-17,  0-1S,  and  0-10. 
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Group  V  were  studied  since  some  quantitative  or  at  least  qualitative  corrosion-fatigue 
data  are  available  for  some  temperature  ranges.  However,  tests  were  conducted  in  air 
at  200  F  to  obtain  more  precise  baseline  data  against  which  the  data  for  the  fluids  of 
interest  could  be  compared. 

A  temperature  of  200  F  was  used  for  all  tests.  This  temperature  was  selected  as 
being  a  representative  worst  condition  for  a  storable  propellant  system.  The  vapor 
pressure  at  200  F  was  about  235  psia  for  N2O4,  215  psia  for  CIF3,  and  35  psia  for  A-50. 
Some  decomposition  of  the  A-50  was  detected  in  three  experiments,  with  the  pressure 
in  one  experiment  reaching  about  345  psia. 


Selected  Test  Metals 


It  was  believed  that  the  many  classes  of  alloys  available  to  designers  of  aerospace 
bellows  and  diaphragms  could  be  represented  by  three  types  of  materials:  aluminum, 
stainless  alloys,  and  nickel  alloys.  Aluminum  6061-T6,  Type  347  stainless  steel,  and 
Inconel  718  were  selected  as  being  representative  of  these  materials.  Table  0-9  gives 
the  chemical  and  physical-property  data  for  the  selected  metals. 

Standard  bending -fatigue  specimens,  Figure  O-l,  were  machined  from  51  to  53- 
mil  sheet  stock.  After  machining,  the  flat  surfaces  were  polished  by  hand  to  a  standard 
polished  finish.  Table  0-10  gives  the  measured  surface  finishes  of  duplicate  specimens 
of  each  material.  The  average  surface  finishes  for  6061-T6  aluminum.  Type  347  stain¬ 
less  steel,  and  Inconel  718  were  8.  5,  2.  6,  and  4.  7  microinches  rms,  respectively. 


Experimental  Equipment  and  Procedures 


Experimental  Equipment.  The  standard  reversed-bending  sheet  specimens  were 
exposed  to  the  liquid  propellants  and  to  air  at  200  F  in  specially  designed  chambers.  Two 
chambers,  shown  schematically  in  Figure  0-2,  were  constructed  of  Type  304  stainless 
steel.  A  stainless  steel  bellows  permitted  movement  of  the  specimen  by  an  external 
motor-driven  eccentric  cam.  Teflon  O-rings  were  used  to  seal  the  system;  these  were 
replaced  after  each  run. 

One  chamber,  used  exclusively  with  CIF3,  employed  Monel  diaphragm  valves  with 
nickel  tubing.  The  second  chamber  was  used  alternately  (after  cleaning)  for  either 
N2O4  or  Aeroaine  50  (A-50).  Figure  0-3  gives  an  overall  view  of  the  equipment,  show¬ 
ing  the  insulation-wrapped  chamber.  Standard  high-pressure  fittings  were  used  for  the 
N2O4  and  A-50  unit. 

Prior  to  the  experiments ,  the  equipment  and  specimens  were  specially  cleaned  by 
soap  and  water,  followed  by  an  acetone  rinse.  The  CIF3  chamber  was  given  an  initial 
exposure  to  CIF3  to  decompose  any  residual  organic  matter  and  to  provide  a  light 
fluoride  film. 

To  begin  an  experiment,  a  specimen  was  placed  in  the  chamber  and  the  desired  de¬ 
flection  was  set.  This  was  done  by  adjusting  the  eccentric  cam,  taking  into  account  the 
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expansion  of  the  system  during  heat-up  to  200  F.  The  system  was  then  sealed  and 
evacuated. 

The  required  amount  of  propellant,  250  cc,  needed  to  cover  the  specimen  was 
metered  from  the  bulk- storage  system  into  a  bomb  of  the  calculated  volume.  This 
amount  was  then  added  to  the  evacuated  test  chamber. 

The  system  was  heated  to  200  F  by  electrical  heating  tapes  within  the  insulation. 
The  cyclic  deflection  was  begun  by  starting  the  motor  on  the  eccentric  cam.  Deflection 
of  the  specimen  was  detected  by  two  small  semiconductor  strain  gages  placed  in  a 
machined  groove  behind  the  specimen,  but  outside  the  propellant  environment.  One 
such  unit  measured  5  by  30  mils ,  and  employed  2-mil  gold  leads.  The  output  signal 
was  recorded  by  a  5  or  10-mv  recorder. 

The  deflection  applied  to  each  specimen  was  designed  to  cause  failure  after 
10,000  or  100,000  cycles  (based  on  200  F-air  data).  In  order  to  allow  equivalent  time 
for  corrosion  fatigue,  the  rate  of  deflection  was  set  at  either  1.  4  or  13.  7  cpm.  Thus, 
failure  could  be  expected  after  5  days  of  exposure  for  either  10,000-  or  100,000-cycle 
experiments. 

The  200  F-air  experiments  were  performed  in  the  equipment  described  above. 

A  cyclic  rate  of  15  cpm  was  employed. 


Experimental  Procedures 

The  experimental  procedures  employed  provided  a  safe  and  effective  means  of 
determining  the  time  to  failure  for  the  three  types  of  specimens  in  the  four  environ¬ 
ments.  For  the  experiments  in  air,  attachment  of  a  control  device  enabled  exact 
measurement  of  the  cycles  to  failure. 

For  the  other  environments,  recording  of  the  strain  applied  to  each  specimen 
provided  a  measure  of  the  time  to. failure,  although  the  equipment  did  not  automatically 
shut  off  as  with  the  runs  in  air.  The  cycles  to  failure  were  calculated  by  determining 
the  time  of  failure  as  recorded  on  chart  paper.  In  this  manner,,,  the  low-cycle  runs, 
of  about  10,000  cycles,  could  be  determined  with  an  accuracy  of  about  *10  cycles 
(±0.  1  percent).  In  the  high-cycle  (100,000  cycles)  runs,  time  to  failure  was  recorded 
within  about  ±1/2  hour  or  ±400  cycles  (±0.  4  percent).  The  specimen  strain  measure¬ 
ment  for  the  high  cycle  (about  14  cpm)  was  made  only  10  minutes  out  of  each  hour. 
Continuous  measurement  was  not  made  since  a  continuous  "band"  was  painted  on  the 
chart  at  the  high- cycle  rate. 

For  the  most  part,  the  equipment  functioned  satisfactorily,  although  occasional 
leaks  developed  in  the  bellows,  resulting  in  loss  of  the  environment.  The  bellows  was 
then  replaced,  although  in  one  case  a  small  pinhole  in  the  5-mil  wall  was  TIG  welded. 
One  bellows  failure  occurred  with  CIF3  while  at  temperature  during  start-up.  Since  no 
combustible  material  was  available,  the  CIF3  boiled  harmlessly  away  until  transfer  was 
accomplished  into  the  storage  system. 

Some  galling  of  the  guide  pins  at  the  bottom  of  the  chambers  occurred  during  the 
experiments.  This  resulted  in  uneven  application  of  load  on  the  downstroke  of  the  ec¬ 
centric.  Type  304  pins  were,  therefore,  replaced  midway  in  the  program  with  harder 
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Type  410  stainless  steel.  This  wear  is  believed  to  result  from  the  poor  lubrication 
properties  of  the  fluids,  especially  CIF3  and  N2O4. 

Some  wear  of  all  specimens  under  the  knife  edge  also  resulted  from  CIF3  ex¬ 
posure.  This  effect  is  described  in  detail  later. 


Corrosion- Fatigue  Results 


Air.  Air  at  200  F  was  selected  as  a  baseline  for  che  corrosion-fatigue  studies. 
Available  room-temperature  data  were  not  believed  to  be  applicable  because  of  the  dif¬ 
ference  in  surface  finish  between  the  Battelle  specimens  and  those  of  other  investigators; 
In  addition,  some  difference  in  the  physical  properties  of  the  test  specimens  might  re¬ 
sult  from  the  temperature  increase  from  70  to  200  F. 

Table  O-ll  gives  the  cycle  fatigue- failure  data  for  the  three  materials  in  the  test 
program.  A  plot  of  these  data  is  shown  in  Figure  0-4.  Also  shown  are  70  F-air  data 
from  a  previous  fatigue  study. 

Rather  good  agreement  is  indicated  between  these  data.  It  appeared  that  the  sur¬ 
face  finish  was  the  most  important  property,  in  the  temperature  range  of  70  to  200  F. 

As  expected,  the  smoother  specimens  attained  a  greater  number  of  cycles  before  failure. 

The  stress-deflection  calibration  and  stress-strain  data  for  A1-6061-T6,  Type  347, 
and  Inconel  718  obtained  during  a  previous  program(2)  are  believed  to  be  valid  for  the 
sheet  material  used  in  this  program.  These  data,  plotted  in  Figures  0-5  through  O-IO, 
were  used  to  relate  deflection  of  the  specimens  to  stress  and  strain. 


N2O4.  Excellent  agreement  was  shown  among  the  specimens  of  A1-6061-T6  and 

Type  347  stainless  steel  fatigue  in  liquid  N2O4  at  200  F.  The  results  of  five  experiments 
for  each  material  are  given  in  Table  O- 12.  The  deflection  applied  to  each  specimen  and 
its  expected  cycles  to  failure  were  determined  from  the  air-fatigue  data  previously  dis¬ 
cussed,  Figure  0-4.  The  applied  strain  was  determined  from  calibration  curves  from  a 
previous  program.^2)  Note  that  the  specimens  were  strained  in'the  plastic  region  during 
the  low-cycle  (10,000  cycles)  experiments. 

No  significant  corrosion  could  be  detected  for  any  specimens  exposed  to  N2O4,  as 
is  to  be  expected  for  these  highly  resistant  materials.  Figure  O-ll  shows  the  typical 
appearance  of  the  A1-6061-T6  and  Type  347  specimens  after  failure.  Note  that  a  net¬ 
work  of  cracks  can  be  detected  around  the  point  of  failure.  The  line  at  the  tip  of  the 
specimen  is  a  scoring  line  from  the  knife  edge. 

A  plot  of  these  data  is  given  in  Figure  0-12,  along  with  the  corresponding  200  F- 
air  data  (dashed  line).  It  can  be  readily  seen  that  the  N2O4  data,  especially  for  Type  347, 
fall  below  the  air-fatigue  values.  This  indicates  a  reduction  in  fatigue  life  for  these 
metals  when  exposed  to  this  oxidizer  at  200  F.  A  loss  of  about  43  percent  of  fatigue  life 
is  shown  at  a  strain  of  6000  pin. /in.  and  19  percent  at  3000  pin. /in.  for  A1-6061-T6.  For 
Type  347,  this  loss  is  57  percent  at  7000  pin. /in.  and  45  percent  at  3000  pin./in.  strain. 
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Aerozine  50.  The  fatigue  life  for  A1-6061-T6  and  Type  347  stainless  steel  was 
found  to  be  identical  to  that  obtained  in  200  F  air.  The  data  are  given  in  Table  0-12, 
and  plotted  in  Figure  O- 1 3.  Excellent  agreement  among  the  experiments  was  found  in 
the  total  of  nine  experiments  with  both  materials. 


No  corrosion  of  the  test  specimens  was  indicated.  Some  decomposition  of  the 
hydrazine  mix  was  detected  during  the  last  three  experiments,  with  Specimens  A^14, 
S-18,  and  S-4.  It  was  believed  to  be  the  result  of  catalytic  decomposition  of  the  fuel 
caused  by  finely  divided  corrosion  products  trapped  in  the  test  chamber.  This  powder 
apparently  remained  from  the  previous  N2O4  experiments,  even  though  stringent  cleaning 
procedures  were  employed.  The  powder  probably  came  from  wear  of  the  guide  pin,  and 
several  slightly  rusty  areas  observed  after  disassembly. 

This  decomposition  became  progressively  worse,  generating  a  pressure  rise  of 
0.  75,  0.  85,  and  1.  7  psi/hr  for  the  three  experiments.  An  estimated  pressure  of 
345  psia  was  formed  during  the  final  run. 

It  is  not  believed  that  this  decomposition  and  formation  of  gaseous  products  had  any 
great  effect  on  the  fatigue  specimen  submerged  in  the  liquid.  Note  the  good  agreement 
obtained  for  all  the  fatigue  data. 


Chlorine  Trifluoride.  Corrosion-fatigue  data  for  four  specimens  each  of 
A1-6061-T6,  Type  347  stainless  steel,  and  Inconel  718  in  200  F  liquid  GIF3  are  given  in 
Table  0-12.  Corrected  values  of  deflection,  strain,  and  expected  cycles  to  failure  are 
also  given.  These  corrected  values  are  applied  to  take  care  of  the  wear  which  resulted 
under  the  knife  edge  of  all  specimens  in  CIF3  runs.  A  plot  of  these  data  in  presented  in 
Figure  0-14.  Figure  O-ll  shows  the  typical  appearance  of  Inconel  718  after  exposure 
to  CIF3. 

Little  or  no  difference  in  fatigue  behavior  can  be  detected  for  A1-6061-T6  in  200  F 
CIF3  compared  with  that  in  200  F  air.  Inconel  718  also  exhibits  a  similar  behavior  in 
life  to  failure  between  CIF3  and  air  at  200  F.  Some  reduction  in  fatigue  life  is  evident, 
however,  for  Type  347  stainless  steel  in  CIF3  at  the  very  high  strain  rates  of  about 
4000  to  7000  ,uin. /in.  These  values  are  essentially  in  the  plastic  region  (see  Figure  0-8). 
The  reduction  in  life  at  7000  pin. /in.  appears  to  be  of  the  order  of  45  percent.  At  a 
strain  of  about  3000  pin. /in.  ,  no  reduction  in  fatigue  is  noted. 

All  specimens  deflected  in  CIF3  became  deeply  gouged  at  the  point  of  contact  with 
the  knife  edges  as  previously  mentioned.  This  wear  caused  a  reduction  in  the  deflection 
of  the  specimen  and  lowering  of  the  strain,  as  noted  in  Table  0-12. 

The  depth  of  wear  measured  for  the  top  and  bottom  of  each  specimen  is  given  in 
Table  0-13.  A  total  of  from  7  to  21  mils  was  thus  removed  from  the  51  to  53-mil-thick 
specimens  at  the  knife  edges.  Figure  0-15  shows  the  typical  wear  pattern  as  viewed 
from  each  edge.  In  every  case,  the  metal  removal  was  greater  from  the  top  of  the 
specimen.  This  may  have  been  caused  by  the  galling  of  the  guide  pin  and  subsequent 
side  movement  at  the  end  of  the  downward  stroke. 
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The  load  on  the  specimen  at  the  knife  edge,  which  is  at  a  maximum  at  the  point  of 
highest  deflection,  was  approximated  by  the  following  equation: 

P  =  -^px  1/6  wt^  , 


where 


w  =  0.  378  at  1  =  0.  70  (Figure  0-1) 
E  =  modulus  of  elasticity 
e  =  strain 
t  =  thickness 


P  =  load  at  knife  edge. 

This  equation  assumes  a  linear  stress-strain  relationship,  which  is  not  true  for  the 
specimen  at  the  high  deflection,  when  it  actually  is  in  plastic  deformation.  The 
calculated  values  are  given  in  Table  0-13. 

From  a  plot  of  the  wear  versus  the  load.  Figure  0-16,  it  appears  that  rapid  in¬ 
crease  in  wear  results  when  the  maximum  load  is  increased  above  5  pounds  for  the 
aluminum  and  20  pounds  for  the  stainless  steel  and  Inconel  718.  Thus,  it  appears  that 
the  fluoride  film  found  on  the  metal  surface  may  have  some  lubricating  effect  on  the 
specimen  below  these  critical  loads.  Above  the  critical  load,  the  film  is  not  an  effective 
lubricant  and  may  be  physically  penetrated  by  the  knife  edge.  On  the  basis  of  a  contact 
area  measured  as  about  0.  03  by  0.  04  inch  for  the  specimens,  the  critical  force  is  about 
4000  psi  for  A1-6061-T6  and  about  16,000  psi  for  Type  347  and  Inconel  718. 

In  N2O4  and  A-50,  the  area  of  contact  by  the  knife  edge  on  the  A1-6061-T6  is  about 
the  same  as  in  CIF3,  but  for  Type  347  stainless  steel,  the  area  is  about  half  that  found 
in  CIF3.  Thus,  a  force  of  5000  to  10,000  psi  on  the  aluminum  and  30,000  to  80,000  psi 
on  Type  347  produces  only  light  scoring  of  the  surfaces  in  N2O4  or  A-50,  but  severe 
damage  in  CIF3,  This  indicates  that  a  basic  difference  exists  between  the  films  formed 
in  N2O4  or  A-50  and  CIF3.  Therefore,  it  must  be  assumed  that  the  fluoride  film 
formed  in  CIF3  on  the  three  types  of  metals  is  softer  and  much  less  wear  resistant  than 
the  normal  oxide  films  found  on  the  surface. 

Other  than  the  wear  on  the  specimens,  no  indication  of  corrosive  attack  was 
revealed  by  the  three  alloys  exposed  in  CIF3. 
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TASK  0-1.  OHROMRS  IK  WHICH  SnBSS-CCMOSKS  CXACCDD 
HAS  BOB  CBSRVKD 


All  car 

_  Sensitive  terlroo— nt 

Low-alley  etaels 

Iltrstes,  caustic,  hydrogen  sulfide 

Chromium  stainless  steals  (greater 
than  12  pereest  chromium) 

Halides,  hydrogen  sulfide,  steam 

Austenitic  stainless  steels  (of  the 

18  percent  chromium  -  8  percent 
nickel  type), 

Chlorides,  caustic 

PH  stainless  steels 

Chlorides,  marine  atmosphere 

Altnlnva  alleys 

Air,  sea  voter,  eodiw  chloride,  trop¬ 
ical  environments 

Copper  alleys 

Anaemia,  mercurous  nitrate,  steam 

Odd  alloys 

Iron  chlorides,  potaasltm  cyanide 

Magnesium  alloys 

Sodium  chloride— potaaalua  chromate, 
fluarldea 

Blckel  alleys 

Caustic,  hydrofluaroslllclc  acid 

Titanium  allays 

Red.  fuming  nitric  add,  chlorinated  hy¬ 
drocarbons,  fused  salts,  HC1,  red  ^04, 
Methond,  liquid  cadmium,  liquid 
mercury 

TABLE  0-2.  PHYSICAL  FRGPTOTIES  OF  FLUID  MEDIA 


Propellant 

Melting 
Point,  F 

Bolling 
Point,  F 

Critical 

Temperature, 

Critical  Tem- 
P  perature,  psla 

Helium 

-457'*' 

-452 

-450 

33 

Hltrogen 

-346 

-320 

-233 

492 

Hydrogen 

-434 

-423 

-400 

189 

Diborane 

-266 

•135 

62 

581 

Methane 

-299 

-259 

-116 

673 

Otygen 

-361 

-297 

-182 

730 

Fluorine 

-369 

-306 

-200 

820 

FLCK 

-363(b> 

-299^ 

-I88(b) 

760^ 

UUffl 

-71 

146 

480 

880 

Itydrazine 

35 

23  6 

716 

2135 

MMH 

-62 

189 

561 

3195 

Pentaborane 

-52 

l4o 

441 

572 

N2°4 

11 

70 

317 

1469 

C1F- 

-105 

53 

345 

838 

hf3 

-358 

-184 

- 

687 

lVk 

-263 

-100 

100 

794 

>)  332  pel. 

,b)  Approximate  values. 
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TABLE  0-3-  TYPICAL  FORMED  BELLOWS  MATERIALS 


Alloy 

Crystal  Structure 

Solution-Strengthened  Allqys 

Alpha  Brass 

Pace-centered  cubic 

Copper 

ft 

Stainless  steels.  Types  304,  321,  and  31+7 

ft 

Titanium,  commercially  pure  and  Alpha  allqys 

Hexagonal  close  packed 

Inconel 

E'ace-centered  cubic 

Precipitation-Hardened  Alloys 

Beryllium  copper 

Face-centered  cubic 

Inconel  718 

ft 

Aluminum,  7075  alloy 

ft 

Transformation-Hardened  Alloys 

Titanium,  Alpha-Beta  alloys 

Hexagonal  close  packed; 
body-centered  cubic 

TABLE  0-4 .  TYPICAL  WELDED  BELLOWS  ALLOYS 


Alloy _ Crystal  Structure 


Precipitation-Hardened  Alloys 

Inconel  X 

Face-centered  cubic 

Rene  1+1 

ft 

Rene  62 

ft 

17-7  PH 

tl 

17-1+PH 

It 

PH  15-7  Mo 

II 

M-252 

tl 

Waspaloy 

tl 

Udimet  700 

It 

Solution-Strengthened  Alloys 

19-9  DL 

Face-centered  cubic 

A-286 

Body-centered  cubic 
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(lot*: 


«*tlr«c  1,  2,  3,  sad  ‘  are  defined  at  the  aod  of  tbe/te hla;  *11  data  take*  fro* 
Reference  1  except  a*  noted  la  a^araerlpt  perentbeeee.) 


30*  381 

3k? 

PS15-7!«o  FK.T-A  MtLT-7 

TltanluB 

«F,(«aa) 

l(fl5F) 

1(S5F) 

XOOA 

J 

ClF,(llq) 

1(S5F)  l(l6of) 

(Welded) 

{3)  1(«F) 

(Welded) 

1(S5F) 

100A 

3 

1(160F)^ 

K85F) 

(Welded) 

l(ld0f)(3) 

(8H95C) 

1(95F) 

(TH1050) 

vT75f) 

IKK(liq) 

*ok 

60»4 

FLCX(liq) 
20»  K, 

80 k  <| 

K-380?) 

1(-320F) 

2(-320F) 

(fryluke 

701  on  M7) 

Fluorine 

(<ae) 

1(A00F) 

2(AOOF) 

3150CF) 

1>(>500F) 

3011. 

1(^F) 

2(>V36F) 

1(390F) 

M50CF) 

Fluorine  1(-320F)  3C-3J.OF)  K-310F)  1(-329F) 

(Uq)  2(-320F)  3(-320F) 

3(-310F) 


a 


UC-310F) 


Jtydrazine 

(gats) 

1(140F) 

1(1‘0F) 

1(200F) 

l(llOF) 

Hydrazine 

(Hi) 

1  (1A0F) 

l(HOF) 

'•(60F) 

1(200F) 

1,'AOF) 

MltoF) 

1(75F) 

MMH 

UEKH(gaa) 

l(l‘0F) 

1(U0F) 

1(160F) 

i(i6of) 

tfWH(liq) 

i(i6of) 

1(160F) 

1(160F) 

1(85F) 

1(160F) 

50:50- H.ll:  JOkJ. 
UXWH  (gas)  1^5r> 

1(160F) 

1(160F) 

Cond  A 

UXOT) 

l(160F) 

Cond  A 
UieoF) 

50:50  JUL: 
unffl  (iiq) 

Welded 

imf) 

1(160F) 

l(lvOF) 

Cond  A 

1(160F) 

Cond  A 

Welded 

TTTOF) 

Welded 

l(iw?) 

AMSA775 

MicroV-raze 

1(180fJ 

Ea^y-Flo 

i(iwF) 

K160F) 

Silver  Bra2t> 
1(1WF) 
C6?  Braze 

ggoFJ 


TiUaita 

Alley 


(C120AV) 

(A-uotf) 

■shot 


iff&F) 

S(100F) 

3(>350) 

{juv 

5T550F) 

naovci 

2053FJ 

‘(>350F) 

16V-2.5A1 

ansarr 

8  KH 

aHoor) 


A-11QAT 


2{-320F) 

0Mn 

SfalOF) 


fill-liV 

TH55T) 


A-110AT 

I(lAOF) 


eigcAV 

i(i5of) 

a?F> 

A110-AT 

1U36FF 

S120VCA 

ItfSjFT 

B120VCA 

i;iwF) 

A1I0AT 

TflSof) 

C12CAV 

I{ItOF) 

B120VCA 

IftSoFT 

A110-AT 

1(160F) 

C120AV 

VJ&f) 


fee  tl  Aj6S 


a(75F)  2(75?) 


1(35F)  1(05F) 


0-22 


-Si. 


*T  Has-T»  FttT-4  MT.T  Tlt*1»  UJjgg  Beo*  kl  Jgt 


^<VUwi) 


1(65 »)  1(«5F) 

M<2155« 


KttT} 


Uihar)  «6sr)  idiot)  cgd  *  can*  a  rao  65* .  _ 

30H  >t  jfelJBMa  nigft  TOW  Tnsar}  UiSfjw 

iTSSf)  TtSJfr'"  HS5IT  '  SLX&  .  Mgo  2*  JiSLi. 

*>•  u-w«  5Sf*> 

C-lgQ&T 

i(ifcr)w 

BC13QO 

i(i5or)w 


Kioor) 

$!&) 


y^Un) 

0.8  to  16 

V 

1(140F) 

Sr, 

1(130F)  1(16JF) 

1(^F) 

6*1 -4V 

VMt) 

toweled 

w 

^(uq) 
i-a6  «y> 

3041 

l(i®F) 

1(1«5F) 

A 

6*1-4V 

HTE5?) 

Pentabor- 

«»  (Hi) 

K75F) 

1(T5F)  1(75F) 

C-110-M 

1(75F) 

C.130-M 

i(f>W 

AL606I 

*1606116  A17CT5  *17075*6 

Brets 

Copper 

Se  Copper  Inconel 

I DC 00*1  X 

or,  («aa)  1(65 F) 

15  Welded 

K85F) 

ITF 

TTB5r) 

3(59or) 

C1F- 

(liq) 

1(85F) 

Welded 

1(160F)^3^ 

1(85F) 

FTP 

ITB5F) 

DHP 

86  He  1(B5F) 

1^F'  1(160F)^ 

3(75F) 

3WD 

i(16of)13> 


FICK  (liq) 

4o6  f,  - 

«c6 

HOC  (llq) 

ao6  f.  ■ 

806 

Fluorine 

(*»«) 


i(-32or) 


K-380F) 


Fluorine 

(iiq) 


M-380) 


70-30 

4  Hoof) 

Red 

iT53of). 
8(4oofi 
3  6oof) 
4(>600F) 
841 

iTsoor) 

3  500F) 

4{>500F) 

Red 

W-WT) 

843 

JRIOF) 
Lov  Leaded 


Deoxidized 

V(<i*6oP) 

Ccnaercial 

l(SOOF) 

aj'toopj 

3(8oof) 

4(=«<»F) 

BIT 

3ai&e  a  n 
ccmrwrcial 

Coewercial 

U-380F) 

3C-310F) 


8(1000) 

4W50F) 


Hydreiine  1(140F) 

(s»*) 

IVl»'Mlne  l(lfiOF) 

dh) 


FMH 

UIHH(sm)  1(75F) 
_ 2(160F) 


4(-3i0F) 

Yellow 

TT353) 

Cartridge 

i(-J80F) 

4{800F) 

3(l60F) 

4(75?) 

1(60F) 

c(140F) 

Coecerciol 

i(65f) 

1(8C0F) 

3U40F) 

4(14oF) 

8(&0F) 

4(l40F) 

1(160F) 

X(14oF) 

1(6CF) 

3(140F) 
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t«l*  o-; .  (conaiD) 


Bftg.  AI606IT6  A170T5 _ AI.7075T6  Brest  Copper  Be  Corner  locate!  -  Utijg  I 


0DB(llq)  l(l60?) 

2(160?) 

50:50^: 

:  (cm) 


50:5°  *,V 

DOE  (11«) 


•a# 

istare 

*A<“-l) 

0.2  to  If 

¥> 

Pentsior- 


1(1*5?)  l(l6>?) 

1(160?) 

^80^  A*® 

“TKoFT 

Alodlne 

kkopt 

l(l60F) 

Voided 

1(1551) 

aims 

'■'1U55FT' 

Alodlne 

1(160?) 

1(150F)  1(60?) 


1(130?) 


606I-ST6 

j mL. 


1(^5?) 

l(l6o?) 


K75?) 

1(75?) 


1(1*5?) 


1(160?) 

Stressed  to 
8of  of  yield 
1(160?) 


Cojg^eg  Pli 


Plate 


Yellow 

2(80?) 

If^Fj 

3(8of) 

Red 

3(75?) 

b(80F) 

i(6.'.P) 

Yellow 

2(80?) 

3(160?) 

ITBSfT 

Red 

ITBof) 

1{75F) 

1(75?) 

1(75?) 

1(65?) 


1(75?) 


(*)  TltecluB  ignites  under  impact  tut  docs  not  spread. 


Compatibility  Classifications  for  Metals  (basod  on  the  lowest  rating  of  any  one  of  the  three  propertlea) 


Corrosion  Resistance 


JET 

Rating  " 

■tiTTOanBCT 

1 

Excellent 

<  1 

no 

no 

2 

Cood 

<  5 

no 

Tib 

3 

Pair 

5  to  50 

3C«e 

no 

it 

Poor 

>  'C 

extensive 

yea 

0-24 


TABLX  0-6.  FATJUUK  ITOttiNOTII  OF  BkLKCTKD  METALS  <H  ALLOTS  IH  VAJtlOUB  Eff/IT 'ItflCVTS 


Helal 

ur 

Ail’,  Analy  •  1  • 

TeniUe 

Strength, 
Condition  pal 

Diameter 

of  Spccl* 
rf'n,  ln-’h 

of 

Fatigue 
Dire an 

7075-  T6 

0.1*5 

flexure 

7075-T6 

90,000 

0.  ry. 

Rotating 

bending 

7075 -T6 

83,900 

O.750  rod 

flexure 

7075 -T6 

78,800 

o.h>/ 

1 1  .<  !  ■  1 ! 

Braes 

60  Cu, 

40  In 

Annealed 

53,000 

Cold 

rolled 

84,000 

Copper 

99-99  Cu 

Annealed 
(1200  F) 

31,200 

Annealed 
(250  F) 

46,500 

0.03*  o2 

Annealed 
(112  P) 

Q.C2 

Ax 

Be-copper  Berylco  25  Sheet, AT  179,000  0.020  sheet  iK-xure 


Inconel  106,000 


Cold  132,000  0.035  sheet  flexure 

rolled 


Inconel 

X 


Inconel"  Solution  177,000  O.vL'O  flexure 

X  treated  ;;\eot 

and  aged 


Best  Ava''ab'e  C°PY 


Frequen* 

Endurance 

F.t  Ifu. 

Baal*, 

Tamp., 

Corro.lv.  butt, 

Refer- 

..ry.j  rim 

Cycles 

r 

Medium 

DSl  Rsiferki 

enee 

2000 

106 

ambient 

•lr,  3 i 

17,500 

4 

BaCl 

solution 

10,000 

4 

6000 

,06 

ambient 

•  lr 

32,700 

f 

J°7 

ambient 

»lr 

23,500 

5 

10' 

l06 

■mblont 

.lr 

18,500 

5 

ambient 

3*  SaCl 

24,900 

5 

10? 

ambient 

3*  H*C1 

12,000 

5 

10' 

ambient 

it  1UC1 

5,700 

5 

70 

.lr 

68,000 

18 

10 1 

45,000 

16 

1  \ 

33,000 

16 

10, 

-320 

113  H 0 

90,000 

10 

Vif 

71,000 

18 

i 

59,000 

19 

)-;• 

7:; 

air 

44,000 

19 

23,000 

19 

I'-V 

14,000 

19 

i'1, 

12,000 

18 

10, 

-  uj 

H'l  M0 

54,000 

19 

1°6 

c 

39,000 

18 

10- 

21,000 

18 

lr\ 

20,000 

18 

105 

-423 

Uq  iu 

73,000 

18 

1°7 

c 

56,000 

18 

10  y 

1% 

36,000 

18 

1450 

35,000 

18 

i°a 

amb lent 

air 

21,000 

6 

1450 

10° 

ambient 

W®H  (a) 
water'  ' 

18,000 

6 

1450 

(J 

10 

ambient 

air 

24,000 

6 

”*11  (a) 
water'1' 

18,000 

6 

1450 

108 

ambient 

air 

r.t«r(a) 

9,800 

6 

10,000 

6 

s&w 

10,000 

6 

air 

16,500 

6 

ueU  (a) 
water'8' 

17,500 

6 

•8lt  (b) 
water'  ' 

17,500 

6 

0 

0 

L-\ 

<•••5 

105 

ambient 

air 

21,280 

7 

-297 

119  o„ 

29,120 

7 

-423 

Hq  C 

39,200 

7 

-U52 

liq  is 

42,560 

7 

1,800 

10? 

70 

air 

138,000 

8 

i06 

92,000 

8 

10? 

59,000 

8 

1°5 

44,000 

8 

1,800 

i06 

-320 

Hq  N 

112,000 

8 

l05 

c 

74,000 

8 

3,450 

106 

-423 

liq  h2 

154,000 

8 

10 

113,000 

8 

V 

vn 

O 

n 

10' 

ambient 

air 

49,000 

9 

800 

47,200 

9 

1000 

41,800 

9 

1200 

26,500 

9 

1400 

15,500 

9 

1600 

10,000 

9 

1600 

7,000 

9 

1,300 

l05 

70 

air 

158,000  estimated 

18 

i06 

106,000  from  strain  18 

I07 

62,000  data 

18 

10J 

42,000  ditto 

18 

1,900 

1°4 

-320 

liq  n 

112,000 

18 

lO, 

t: 

84,000 

18 

l06 

-42 } 

Hi  Kn 

130,000 

18 

10° 

96,000 

18 

108 

1200 

air 

47,000 

16 

1350 

44,000 

16 

1500 

39,000 

16 

1300 

70 

air 

160,000  Estimated 

18 

!0,5 

70 

102,000  from  strain  18 

10, 

64,000  data 

19 

:ritxi 

-  '20 

Hi  \ 

110,000  ditto 

10 

l05 

86,000 

18 

3*5f- 

1°0 

-423 

Ul  Hg 

150,000  '* 

18 

10 

110,000 

18 

0-25 


TAUJt  0-'..  (OOimiWKD) 


Met  Ml 


Inconel 
71 M 


Solution 
tl’I'litCll  ■ 


sheet 


710 
(wol  1 
S  Til  tguo) 


Rune  41 


Stainless 
steel 
T“/P-  30* 


Sul  ut  it  III 

treat '.-'l, 
A3-TIO 
weld,  710 

mi'.-i- 


i’jf.  cn 

♦  ttgO'l 


rolled 


12-6  C  0.1; 


.125  * 


Type  of 

Endurance 

ratleue 

Fatigue 

Kretpion* 

Dual  n, 

Temp. , 

Corrosive 

Limit,  Refer- 

fl  treat) 

Wj.  cm. 

Cyr.hsn 

F 

Medina 

pel  Reaarke  erwe 

1./; 

10 1 

ambient 

sea 

97,700 

10 

water 

85,800 

10 

uxlul 

W 

10. 

70 

air 

90,000 

is 

8I*,000 

18 

10} 

10  i 

70 

air 

81,000 

18 

72,000 

18 

105 

•  320 

liq  Kg 

99,500 

18 

105 

1°U 

95,500 

18 

71,000 

18 

-1*23 

Hq  Kg 

112,500 

18 

10 

112,000 

18 

106 

107,500 

18 

10° 

101,500 

18 

axial 

lQi 

70 

air 

77,500 

18 

10 

10? 

59,500 

18 

1*4,000 

18 

104 

35,000 

18 

io 

-320 

liq  Np 

97,000 

18 

106 

66,000 

18 

1°4 

52,000 

18 

10 

106 

10 

-1*23 

liq  Hg 

99,500 

73,000 

1  c 
16 

57,000 

10 

axial 

100 . 

2  x  10 

ambient 

air  & 

130,000  preliminary 

•-9 

1800 

10^ 

synth. 
sea  water 

ftr  nnn  sub- 

87,000  Ject  to  cor- 

.  ^ 

(results 

rectlon. 

same) 

Notched  IL  » 

2-33 

reciprocal 

750  - 

106 

77 

air 

112,000 

11 

bean 

2000 

-321 

liq  Hg 

155,000 

11 

vibrating 

2000 

1°5 

77 

air 

168,000 

12 

bear. 

107 

10/ 

77 

air 

118,000 

12 

77 

air 

no,  oOo 

12 

10^ 

-321 

liq  N- 

222,000 

12 

1°7 

10 ' 

-321 

Hq  4 
liq  4 

181,000 

12 

-321 

155,000 

12 

11*50 

ID7 

ambient 

air 

50,000 

6 

(a) 
water'  7 

50,000 

6 

salt  /v\ 
water  ^ 

25,000 

6 

alt. 

360 

10? 

ambient 

air 

53,000 

13 

tors  lor- 

l°t 

10« 

33,000 

13 

28,000 

13 

10? 

0.) 
water'  7 

27,500 

13 

10I 

44,000 

13 

10 


16,000 

12,000 

12,000 


13 

13 

13 


Typ?  :2.i 

(  ~r.r. 


urxea  led  >2,  >10  0..)22  flexure 

sheet 


77 

air 

Vi' 

-321 

liq  Hg 

1 1 

7D 

air 

ID- 

10? 

-320 

liq  Hg 

ID,' 

10c 

106 

-423 

Hq  Hg 

10 

i°6 

70 

air 

105 

A 

-320 

liq  »g 

10° 

-423 

lie 

95,000  data  ar«  12 
160,000  for  type  322  12 


35,000 

33,000 

31,000 

62,000 

65,000 

111,000 

80,000 

55,000 


18 

18 

18 

18 

18 

18 

18 

18 


51,000  These  data  18 
lit, OOC  should  be  18 
138,000  used  with  18 
9l*,000  care;  aped-  18 
126,000  nans  atrea«edl8 
96,000  beyond  pro¬ 
portional 
Halt 


0-26 


17-Tf> 

79105 0  196,000  0.063 

fla an  1800 

4 

70 

■Mat 

10u 

§ 

"390 

3650 

“5 

§ 

-683 

17-719 

22950  169,000'  0.063 

*eet 

fitnn  1725 

10 

4 

% 

70 

•390 

* 

•683 

rUratlnf  2000 


0.025  axial  100  and 
cheat  1800 


Mblaat  air  116,000 

90,000 
96,000 

i^last  white  fua.  9k, 000 
□ltr.  acid  80,000 
70,000 


127,000  Sotchad  £-19 
86,000  2.33,'  no  19 
110,000  freq.  off  act.  19 
83,000  Prelln.  data  19 
evfej  to  ccr- 
ractloo. 


tltanlta  Cwr.  hot  rollad 
Sura 


dirt.  IL0  57,500 
56,250 


Tltanlua 

hot  aaafad 

93,000 

0.25 

Tlbratlna 

beta 

2000 

$ 

77 

5 

-321 

Tlianlua  20-70 

93,000 

0.25 

rlhratln* 

baaa 

2000 

io| 

aafelect 

11-6*1- 

W 

annealed 

ll*,500 

0.25 

axial 

1000 

107 

io‘ 

aahlent 

.annealed 

136,000 

axial 

14 

10° 

75 

nltr.  acid  76,000 
76,000 


l  iatloW 


heat  no, 000 
treated 


75  eir 
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*MU  0-6.  (OGH 

MB) 

Metal 

Mil 

*!•  of 

— 

MlM 

✓ 

or 

•treagth 

Oftf *t- 

Mtfen 

fteqeNH 

Baals, 

Bag., 

CUioalaa 

Lett, 

I 

■afar- 

Ml 

iMtl 

ear.  ami 

■3reU* 

F 

MlM 

.... 

Mwarfet 

enoe  - 

Tl-AAl- 

730 

air 

10k,  000 

0.6 

is 

M? 

90,000 

9.6 

« 

I 

60,000 

0.6 

« 

90,000 

1.T 

15 

“T 

io; 

92,000 

l.T 

15 

90,000 

65,000 

l.T 

inf. 

15 

15 

6k, 000 

Inf. 

15 

lO7 

62,000 

Inf. 

15 

— lal  136,000 

0.0T2 

sheet 

floors 

1900 

$ 

70 

air 

102,000 
ft, 000 

9 

e 

Sr 

*8000 

8 

amM  136,000 

0.072 

flexure 

1000 

1 

-360 

44,000 

96,000 

6 

6 

sheet 

h£ 

80,000 

8 

3650 

0% 

-*83 

102,000 

8 

ur 

76,000 

8 

leu  lotar-  165,000 

0.100 

axial 

i 

70 

air 

155,000 

10 

at It.,  solu- 

eheet 

86,000 

18 

tloo  treated 

and  aged 

1 

105 

-320 

*2 

71,000 

171,000 

96,000 

38 

18 

18 

96,000 

18 

-k23 

11,  Hg 

196,000 

13 

102 

129,000 

18 

106 

129,000 

18 

*1-6*1- 

low  inter-  165,000 

0.100 

axial 

70 

air 

125,090 

18 

W,  WTld 

■tit,  aolw- 

sheet 

87,500 

18 

fatigue 

tlon  traatad 
t  agad  AS-TXO 
mil,  parent. 

10B 

85,000 

18 

netal  fiUer 

*1-6*1- 

annealed 

0.025 

axial 

100- 

10k 

500 

air 

82,000 

19 

4V 

sheet 

100 

10  1 

600 

81,000 

19 

l8oo 

3  *  io* 

6oo 

61,000 

19 

100 

10c 

8oo 

82JOOO 

prelin.  data 

19 

100 

10? 

500 

salt 

53,000  subj.  to  cor- 

19 

100 

10c 

6oo 

coated 

53,000  rection,  not- 

19 

1800 

10c 

6oo 

53,000 

ched  K -  2.33 

19 

100 

105 

800 

53,000 

19 

A-286 

1800  F,  1  hr 

0.355  <® 

alt. 

1970 

29.1  X  lof 

1200 

air 

50,000 

17 

oil  quench, 

1300  F,  16  hr 
air-cool 

0.285  ID 

load 

2k. 5  x  10° 

1200 

hydrogen 

50,000 

17 

eolation 

0.125 

axial 

10j* 

70 

air 

52,500 

18 

treated 

sheet 

*?5 

50,000 

18 

a-286 

(veld 

fatigue) 


K252 


Watpalay 


solution 
treated  A8- 
TIO  veld, 
Hastelloy 
v  filler 


0.125 

•heet 


axial 


102 

»4 

1°5 

10? 

103 

*>* 

10c 

10? 

106 

1°4 

1°5 

2f 

- 

10c 

10? 

106 

109 


-320  llq  »2 

-i(23  Hi  a, 

70  »lr 

-320  llq  N£ 
-1(23  117  Hg 


1200 

1350 

1500 


35.500 
86,000 
85,000 
78,000 
59,000 
.80  ooo 
Si",  500 
79,000 
71,000 

1(7,000 

1(0,000 

23.500 
17,000 
59,000 
36,000 
20,000 
70,000 
1(5,500 
32,000 

70,000 

61,000 

1(5,000 


■g«d 


0.025 

•h«»t 


C&SC^  2ppo,  CaCOj  200  ppm,  MgClg  17  ppo,  N»01  16 0  ppa. 

River  vater  having  rtput  1/6  tallnlty  of  seavater. 

.  - -  .  Jtaxlnun  load  -  ku  load 

Lead  Ratio,  A  » - K5TT3I - 


axial  100  4  1800  2  x  10  aithlent  air  ar.d  132,000  prello.  data 
5  synth.  ssa  90,000  subj .  to  cor- 

water  (sane  roetlon 

 results) 


18 

18 

16 

18 

18 

18 

.18 

18 

18 

18 

18 

18 

18 

18 

18 

18 

18 

18 

18 

16 

16 

16 

19 

19 


0-28 


TABLE  0-7-  GROUPING  OF  FLUIDS  WITH  RESPECT  TO  CCRROSICff- 
FATIGUE  STUDIES 


Group  I 

Group  II 

Group  HI  _ 

Group  IV 

Group  V 

Chlorine  tri- 

Nitrogen  tet- 

UEMH-hydrasine* 

Helium 

Oxygen 

fluoride* 

Fluorine 

FL OX  mixtures 

Nitrogen  tri¬ 
fluoride 

r  oxide* 

Ifydrazine 

UEMH 

Nitrogen 

Methane 

Hydrogen 

water  vapor 

Tetrafluoro- 

hydrazine 

Monomethyl- 

hydrazine 

Carbon  monoxide 

Carbon  dioxide 

*  Fluids  selected  for  use  in  corrosion-fatigue  tests. 


TABLE  0-8. 

COMPOSITION  OF  PURCHASED  FLUIDS 

Fluid  . 

Composition 

Percent 

Green  NgC^/l) 

(Hercules  Chemical  Company) 

100.16 

NO 

0.59 

HLO  equiv. 

0.03 

Cl 

<0.01 

Particulate 

<0.8  mg/ 

A-50^ 

(Olin-Mathieson  Chemical 

n2h4 

UDMH  +  amines 

liter 

51.0  ±  0.8 

Corporation) 

47.0  (min) 

¥ 

1.8  (max) 

NgH^  -  UDMH  +  amines 

98.2  (min) 

CIF^  (Chlorine  Trifluoride) 

(Allied  Chemical  Company, 

C1F_ 

99.0  (min.) 

General  Chemicals  Division), 

3 

HP 

0.5  (max) 

Chlorine-oxyfluorides 

0.5  (max) 

Analysis  by  procedure  in  MIL-P26539A  and  MIL-P£7Jl08. 
Analysis  by  procedure  in  MIL-P27^02. 


t out  0-9.  kkdm.  nraxQkt  iwrasns  urn  comical 
asaltsb  (r  nat  mmaus 


6061-T6 


Beat  ni^er 

89551 

Tensile,  pel 

1*2,000 

95,230 

185,000 

Held,  pel. 

35,000 

*•4,530 

155,000 

Elongation,  percent 

8 

50.0 

12 

hardness,  Rockwell 

E/86 

Thickness,  alls 

51 

52 

53 

Analysis.  percent 

Cr 

0.25 

17.7b 

19.O 

Hi 

9-87 

52.5 

Fe 

0.70 

18.0 

Si 

0.60 

0.7k 

0.20 

Ha 

0.15 

1-59 

6.20 

Cu 

0.30 

0.12 

0.10 

C 

0.050 

0.04 

Ms 

1.0 

Zc 

0,25 

Ti 

0.15 

0.80 

p 

0.024 

Cb 

5.20 

Mo 

0.24 

3.00 

Cb/Te 

0.88 

A1 

Balance 

0.60 

S 

0.015 

6*007 

:tual  analysis. 


TABLE  0-10.  SURFACE  FINISH  CP  REPRESENTATIVE  COUPCHS 


Alley 

Specimen 

•Number 

Surface 
Finish, 
vain,  rims 

6061-16 

A-l 

9-1 

6061-T6 

A-3 

7-9 

Type  347  stainless  steel 

3-7 

2.3 

Type  347  stainless  steel 

s-13 

2*9 

Inconel  718 

1-2 

2.3 

Inconel  718 

1-3 

7.1 

TAHjE  0-11.  REVERSES  BENDOTJ-FAT10UI  DATA  F®  TCLISHED  AI-606I-T6,  TOPE 
347  STAINLESS  STEEL,  AND  INCCBIL  718  IN  AIR  AT  200. F  (51-53 
MIL  SHEET) 


'll  Based  on  calibration  curves  from  previous  progress  (Reference  2). 

,2)  Estimate  based  on  average  of  2  specimens. 

[3)  Specimens  obtained  from  previous  fatigue  program  (Reference  2),  polished 
to  same  surface  finish. 


TABLE  0-12.  REVERSED- BENDING  FATIGUE  OF  6>6l-T6,  TOPE  347  STAINLESS  STEEL  AND 


INCONEL  718  SHEET(l) 

1  IH  LIQUID  N2<^, 

A-50,  ®  Cl?3 

AT  206  F 

Specimen 

Deflection, 

Strain^, 

Failure .  Cycles 

Number 

Alloy 

Media 

mils 

uin./ln. 

asfcM  1  1  im 

A-S 

6061-T6 

W 

67 

3100 

74,000 

90,000 

A-4 

6oa-T6 

V* 

67 

3100 

54,000 

90,000 

A-10 

6061-T 6 

96 

4500 

6,900 

12,000 

A- 12 

6061-T6 

96 

4500 

6,413 

12; 000 

A-U 

6061-T6 

100 

4700 

4,550 

10,000 

S-7 

347 

h°k 

50 

3200 

63,700 

100,000 

S-15 

347 

50 

3200 

43,300 

-.,-0,000 

Sail 

347 

»A 

9? 

7000 

5,100 

11,000 

s-8 

347 

\\ 

97 

7000 

4,911 

11,000 

S-6 

347 

K2°4 

100 

7200 

5100-6100 

10,000 

A-14 

6061-T6 

A-50 

67 

3100 

107,000 

90,000 

A-9 

6061-T6 

A-50 

67 

3100 

■34,750 

90,000 

A-6 

6061-T6 

A-5013'  96 

4500 

11,700 

12,000 

A-16 

6061-T6 

A-50 

96 

4500 

9,384 

12,000 

S-18 

347 

A-50 

50 

3200 

150,000 

100,000 

S-4 

347 

A-50 

50 

3200 

118,000 

100,000 

S-19 

347 

A-50 

100 

7200 

10,844 

10,000 

S-14 

347 

A-50 

100 

7200 

9,020 

10,000 

S-20 

347 

A-50 

100 

7200 

7,615 

10,000 

A-15 

6061-T6 

C1F- 

67(58)(I,) 

3100(2700)^ 

148,000 

90,000(200,000)^ 

A-2 

6061-Tt 

arj 

73(66)^ 

3400(3050)^ 

56,500 

59,000(90, 000)^ 

A-7 

6061-T6 

C1F3 

100(95)(It) 

4700(4450)^ 

10,740 

10,000(13,000)^ 

A-17 

606I-T6 

OIF 

100(56)'^ 

4700(4500)^ 

9,780 

.10,000(12,000)^ 

3-5 

S-12 

S-? 

S-17 

1-8 

1-11 

't-l 

-.0 


3*i7 

347 

3L7 

347 

Inc.  718 
Inc.  718 
Inc.  718 
Inc.  718 


C3F, 


50(14) 


(4) 


3200(2750) 


(5) 


CiF-  67(64)^)  45O0(435O)<5) 


Clf3  100(94) 
C1F,  100(99) 


*)« 


C1F. 


56(48) 


(4) 

(4) 


7200(6700) 

7200(7100) 

2800(2400) 


(5) 

(5) 

(5) 


ClFj  56(46)^^  2800(2300)^ 

cif3  130(125) (l,)  6500(6250) (5^ 

C1F3  130(125)^  6500(6250) 


196,700NF'°' 

21,200 

9,310 

7,270 

211,OOONF  ^ 
191,800NF^ 
10,870 
8,890 


38,000(44,000)^ 


10,000(12,000) 

10,000(10,200) 


(5) 

(5) 


100,000(150,  OOO)'5* 
100,000(170,000)^5^ 
10,000(11,000)^ 
10,000(11,000)^ 


.1) 

I! 

Hi 


51-53  mil  sheet. 


(2) 


Determined  from  calibration  curves  of  previous  program. ' 

Leaked  after  8600  cycles,  after  vhich  exposure-vas  A-50  vapor. 

Excessive  vear  of  specimen  at  knife  edge  lowered  effective  deflection  to  the  value  In 
parentheses  by  the  end  of  the  run. 

Based  on  deflection  In  parentheses. 

No  failure. 


TABLE  0-13.  DEPTH  OF  VEAR  AT  KNIFE  EDGE  ON  SPECIMENS 
DEFLECTED  IN  CIK^ 


Specimen 

Number 

Alloy 

No.  of 

Cycles 

Depth  of  Wear 

MiWiOO.OOO  cycles 

Co)  culatcd 

Load,  lb 

A-15 

6c6l-T6 

148,000 

10,  9 

13 

7.3  -  6.3 

A-2 

606 1-T6 

56.5CO 

8,  5 

23 

8.0  -  7.1 

A-7 

606I.T6 

10,740 

8,  1 

84 

U  -  10.4 

A-17 

£o6l*.T6 

9,780 

6,  1 

70 

n  -  10.5 

S-5 

}4V  3.S. 

196,700 

7,  6 

7 

£2  -  19 

S-12 

347  s.s. 

21,2(0 

4,  3 

33 

31  -  £9.6 

3-3 

347  s.s. 

9,  310 

C, 

129 

49  -  45.5 

s-iy 

347  3.0. 

7,270 

7,  5 

165 

f*9  -  U  fr 

J-8 

Incon-i  7i8  211, CO) 

10,  7 

8 

SO  -  17 

X-U 

Ineohi-1  fl8  l?l,8oo 

14,  7 

n 

20  -  16.5 

1-1 

Inconel  (Vi 

1C',870 

9,  2 

101 

47  -  45.0 

1-10 

Inconel  718 

8,8yo 

h  :< 

113 

45  -  45.0 

(1)  Vear  on  top  of  sj >. 0 te.cn  luted  first. 
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FIGURE  0-1.  BENDING  -FATIGUE  SPECIMEN 


FIGURE  0-2.  SCHEMATIC  OF  STAINLESS  STEEL  CORROSION- 
FATIGUE  CHAMBER 
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Strain ,  10s  inch /inch 
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FIGURE  0-4.  REVERSED- BENDING- FATIGUE  DATA  FOR  POLISHED  A1-6061-T6, 
TYPE  347,  AND  INCONEL  718  IN  AIR 


0-34 


0-35 


0-37 


FIGURE  O-il.  REPRESENTATIVE  CORROSION  FATIGUE  SPECIMENS  AFTER 
EXPOSURE  TO  200  F  N204  OR  C1F3 


0-38 


lood ,  pounds 


FIGURE  0-16,  PLOT  OF  WEAR  VERSUS  LOAD  FOR  A1-6061-T6,  TYPE  347 
AND  INCONEL  718  EXPOSED  IN  200  F  ClFj 
0-39  and  0-40 


APPENDIX  P 

INSPECTION  AND  MEASUREMENT  OF  BELLOWS 
AND  DIAPHRAGMS 


ABBREVIATIONS  AND  SYMBOLS 

Mean  of  a  set  of  n  samples  Xj,  X2,  . . .  Xn 
Standard  deviation  of  a  set  of  samples  from  its  mean 

Grand  mean  of  a  bellows  parameter  averaged  over  an  entire  set  of  bellows 

Standard  deviation  of  the  means  from  the  grand  mean 

Average  standard  deviation  of  a  bellows  parameter  within  each  bellows 


APPENDIX  P 

INSPECTION  AND  MEASUREMENT  OF  BELLOWS  AND  DIAPHRAGMS 


The  test  bellows  and  diaphragms  were  carefully  examined  and  measured  prior  to 
testing.  It  had  been  hoped  at  the  beginning  of  the  program  that  nondestructive  measure* 
ments  of  dimensions  could  be  used  to  establish  values  of  torus  radii,  convolution  depths, 
cone  angles,  average  convolution  radii,  pitch,  free  length,  etc.,  for  use  in  the  stress- 
analysis  computer  program.  It  became  apparent  early  in  the  program  that  analyses  of. 
stresses  and  strains  based  on  approximate  convolution  shapes  are  not  sufficiently  accu¬ 
rate  for  the  prediction  of  actual  strains  and  bellows  cycle  lives  (see  Appendix  D).  The 
accuracy  of  prediction  was  much  improved  when  more  accurate  representations  of  the 
convolution  shapes  were  used  than  could  be  obtained  from  nondestructive  measurements. 
The  more  precise  mathematical modeLhad  to  be  generated  from  cross-sectioned  bellows 
in  which  true  convolution  shapes  could  be  observed  and  on  which  the  shell  dimensions 
and  wall  thickness  copld  be  measured.  The  procedures  used  for  encapsulating,  section- 
ing,  and  measuring  the  bellows  and  diaphragms  are  described  in  detail  in  this  appendix. 

Nondestructive  bellows  and  diaphragm  measurements  of  the  test  items  were  useful 
for  purposes  other  than  the  mathematical  modeling  of  convolution  shapes,  however. 
First,  knowledge  of  the  measurable  dimensions  of  a  batch  of  bellows  permitted  the 
selection  of  individual  bellows  for  cross  sectioning  and  for  strain  ga.ging  that  were  as 
near  to  the  average  dimensions  of  the  batch  as  possible.  Also^  bn  the  basis  of  the  as¬ 
sumption  that  the  bellows  and  diaphragms  supplied  by  the  several  manufacturers  for  test 
in  the  Battelle  program  were  at  least  as  carefully  made  as  is  customary  in  the  bellows 
industry,  the  accumulated  dimensions  constitute  a  useful  record  of  achievable  dimen¬ 
sional  uniformity  using  present  bellows  and  diaphragm  manufacturing  processes.  Since 
the  end  use  of  the  items  ordered  was  generally  known  by  the  bellows  and  diaphragm  sup¬ 
pliers,  it  is  probable  that  greater  than  average  care  was  taken  in  their  manufacture. 

Tests  by  the  Manufacturers 


The  only  tests  conducted  by  the  manufacturers  were  pressure  and  mass- 
spectrometer  helium-leak  tests  performed  on  some  bellows  after  attachment  of  the  end 
fittings.  All  bellows  and  diaphragms  received  during  the  program  were  checked  at 
Battelle  and  found  to  be  helium  leaktight,  and  no  difficulties  were  encountered  with  pre¬ 
mature  leakage. 


Receiving  Procedure 


It  seems  to  be  a  universal  human  tendency  to  want  to  pick  up  and  compress  or  ex¬ 
tend  a  bellows  on  sight.  Cases  were  brought  to  Battelle's  attention  by  bellows  manu¬ 
facturers  in  which  personnel  who  were  unfamiliar  with  the  often  very  limited  allowable 
strokes  of  metal  bellows  have  caused  irreparable  damage  by  overstraining  them.  A 
receiving  procedure  was  therefore  set  up  whereby  incoming  cartons  of  bellows  were  to 
be  opened  only  in  the  presence  of  a  designated  program  engineer. 


P-1 


Packaging 


The  receiving  procedure  also  included  noting  the  condition  and  effectiveness  of  the 
packaging.  There  were  wide  variations  among  suppliers  in  the  care  with  which  their 
bellows  and  diaphragms  had  been  packaged  for  shipment.  As  might  be  expected,  the  - 
welded  bellows,  being  more  expensive  than  the  formed  bellows  and  the  diaphragms,, 
were  more  securely  packed.  All  welded-bellows  manufacturers  used  individual  rigid 
packages  for  each  item.  Packages  used  by  some  manufacturers  contained  internal  sup* 
ports  for  the  bellows.  Typical  practice  for  formed-bellbws  packing  was  for  the  manu¬ 
facturer  tc  have  covered  the  active  portions  of  the  bellows  with  a  strip  of  pasteboard 
held  in  place  with  a  rubber  band,  wrapped  the  bellows  in  kraft  paper,  and  placed  them 
in  a  large  pasteboard  shipping  carton. 

Although  no  bellows  were  damaged  or  lost  during  shipment,  several  cartons  from 
one  manufacturer  arrived  in  ah  extremely  battered  condition  and  it  was  only  through 
good  fortune  that  some  bellows  had  not  been  crushed  or  lost.  Clear  polystyrene  boxes 
used  by  another  manufacturer  were  slightly  small  for  the  bellows  flanges,  and  all  of 
the  polystyrene  boxes  shattered  during  shipment  or  after  arrival  owing  to  the  high  in¬ 
ternal  stress  from  the  flanges.  Where  advanced  packaging  materials  such  as  air-cell 
plastic  sheeting  were  used,  the  quantities  were  too  small  to  be  reliably  effective  in  pro¬ 
tecting  the  bellows.  None  of  the  manufacturers  used  such  packaging  techniques  as 
vacuum-formed  plastic  sheets,  foamed  polystyrene,  or  foamed  polyurethane. 


Visual  Examination 


Each  bellows  and  diaphragm  was  given  an  identification  number,  which  was  en¬ 
graved  on  the  top  of  the  lower  flange.  For  the  welded  bellows  and  the  diaphragms,  this 
number  was  taken  as  the  arbitrary  zero  azimuth  for  recording  the  angular  positions  of 
features  observed  in  the  visual  examination.  For  formed  bellows,  the  longitudinal  weld 
seam  served  as  the  zero  azimuth  point. 

A  bellows  to  be  examined  was  first  centered  on  a  rotatable  pedestal  to  which  a 
360-degree  protractor  had  been  affixed.  Centering  of  the  bellows  was  simplified  by  a 
series  of  concentric  circles  scribed  on  the  top  surface  of  the  pedestal. 

The  exterior  surface  of  the  active  portion  of  each  bellows  was  carefully  examined 
using  a  lighted  1-1/ 2X  magnifying  viewer.  Additional  sidelighting  was  provided  by  a 
floodlight.  A  white  background  was  preferred. 

The  visual- examination  procedure  was  further  improved  during  the  posttesting 
examinations  by  substitution  of  a  stereo  microscope  for  the  magnifier.  A  magnification 
no  greater  than  about  15X  is  recommended  for  general  use. 

The  results  of  the  visual  examinations  were  recorded  on  charts  depicting  the  de¬ 
veloped  surface  of  the  bellows  (see  Figure  P-1).  Stains,  scratches,  dents,  nicks, 
bulges,  etc. ,  were  denoted  by  pencilled  shading  and  a  simple  letter  code. 

Visual  observation  of  the  interior  surfaces  of  the  bellows  became  increasingly  dif¬ 
ficult  with  smaller  bellows  diameters.  It  was  possible  to  examine  the  inner  surfaces  of 
5-inch  and  3-inch  formed  bellows  using  a  dental  mirror.  A  flexible  fiber  optic  viewer 
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proved  unsatisfactory  because  it  had  insufficient  resolution,  and  a  conventional  bore- 
scope  had  such  a  limited  field  of  view  that  the  inspector  had  great  difficulty  in  relating 
observed  features  to  their  locations  on  the  bellows.  Inner  surface  features  were  re¬ 
corded  in  the  same  way  as  those  on  the  exterior.  The  1-iiich  and  1-1/2-inch  bellows 
were  too  small  to  permit  insertion  of  the  dental  mirror.  These  bellows  were  therefore 
not  examined  in  detail  on  their  interiors.  In  the  case  of  welded  bellows,  it  was  possible 
to  examine  the  external  weld  beads  and  the  adjacent  portions  of  the  diaphragms,  but  the 
corrugations  blocked  much  of  the  view  between  diaphragms.  Such  observations  as  could 
be  made  regarding  size,  shape,  and  uniformity  of  the  weld  beads  were  recorded. 

Although  some  features  were  frequently  visible  on  the  surfaces  of  formed  bellows 
such  as  stained  areas,  die  marks,  small  scratches,  dents,  and  nicks,  there  was  no  case 
in  which  any  of  these  features  appeared  to  have  been  related  in  any  way  to  the  fatigue 
fractures.  The  question  of  when  a  visible  surface  feature  becomes  a  rejectable  defect 
is  complex,  and  there  is  need  for  the  establishment  of  equitable  acceptance  standards  in 
the  industry. 


Nondestructive  Measurement  of  Dimensions 


Each  batch  of  12  nominally  identical  bellows  and  diaphragms  received  during  the 
program  was  subjected  to  a  series  of  dimensional  measurements.  As  in  the  case  of  the 
preceding  visual  examinations,  the  formed  bellows  permitted  more  complete  measure¬ 
ment  than  the  welded  bellows.  Specialized  measurement  methods  and  recording  tech¬ 
niques  were  considered  for  use  on  the  program,  but  it  soon  became  apparent  that  con¬ 
siderable  effort  and  time  would  be  required  to  develop  measuring  systems  having 
assured  capability,  accuracy,  and  reliability.  Dimensions  of  the  test  bellows  and  dia¬ 
phragms  were  therefore  measured  using  conventional  methods,  including  a  dial  indicator 
and  height  gages,  micrometers,  and  a  50X  optical  comparator.  Since  use  of  these  de¬ 
vices  is  common  machine-shop  practice,  only  the  specific  techniques  believed  to  be 
unusual  in  any  way  are  included  in  this  report. 

Figure  P-2  shows  the  dimensions  of  the  formed  bellows  that  were  measured.  The 
convolution  details  presented  in  Figure  P-2B  are  expressed  in  terms  of  constant- radius 
torus  and  straight  cone  sections.  The  inadequacy  of  such  approximations  compared  with 
detailed  convolution- shape  measurements  has  already  been  pointed  out.  Of  the 
convolution- shape  parameters,  only  the  average  outer  torus  radii  could  be  measured 
with  a  satisfactory  accuracy.  Some  inner  torus  radii  were  measured,  but  shielding;  of 
the  roots  by  cone  sections  sometimes  prevented  their  accurate  observation,  and  inner 
torus  radii  measurements  are  not  considered  to  be  sufficiently  accurate  to  warrant  their 
presentation.  Even  approximate  determination  of  the  cone  angles  and  true  shapes  or  the 
"flat"  portions  of  the  convolutions  could  not  be  made  from  the  unsoctioned  bellows.  A 
few  average  cone  angles  were  measurea  from  bellows  ^ross  sections,  but  they  were  no. 
suitable  for  the  more  detailed  mathematical  modeling  technique  developed  during  the 
program,  so  the  measurements  were  discontinued,.  The  average  outer  torus  radii,  on 
the  other  hand,  were  relatively  easy  to  measure  and  those  measurements  helped  to  pro¬ 
vide  an  indication  of  manufacturing  variability. 

Of  the  dimensions  shown  in  Figure  P-2  that  could  be  obtained  nondestructively, 
five  are  considered  to  be  of  major  importance;  outside  diameter,  inside  diameter, 
average  outer  torus  radius,  pitch,  and  oellows  length.  The  values  of  these  dimensions 
for  the  test  bellows  are  summarized  in  this  appendix.  Note  that  the  bellows  length  as 
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defined  is  smaller  than  the  free  length  by  about  one  pitch  distance.  The  crown-to- crown 
length  measurement  could  be  made  more  accurately  than  the  free  length  measurement, 
since  it  did  not  require  the  operator  to  judge  the  beginning  of  the  end  convolution.  The 
major  bellows  dimensions  that  were  measured,  both  nondestructiveiy  and  destructively, 
are  listed  in  Table  P-1,  along  with  the  measurement  methods  and  pertinent  remarks. 

The  dimensions  listed  in  Table  P-1  are  summarized  in  Tables  P-2  through  P-13; 
Because  of  the  volume  of  data  taken,  it  was  not  feasible  to  present  the  individual  obser¬ 
vations.  Instead,  each  measured  dimension  is  presented  for  each  bellows  of  diaphragm 
in  terms  of  an  average  and  an  associated  standard  deviation.  The  numbers  of  observa¬ 
tions  contained  in  each  average  dimension  are  also  presented.  Since  the  analysis  of  the 
dimensional  data  depends  heavily  on  the  statistical,  approach,  the  concepts  and  the  statis¬ 
tical  quantities  involved  in  the  analysis  will  be  summarized  before  proceeding  to  the 
results  of  the  analysis. 


Statistical  Principles 


If  a  dimension  of  an  object,  say  the  outside  diameter  of  a  bellows  convolution,  is 
measured  several  times  by  the  same  operator  using  the  same  measuring  device  and  at 
the  same  location  on  the  bellows,  it  will  be  found  that  there  will  be  some  small  amount 
of  scatter  among  the  individual  (replicate)  measurements.  If  the  operator  makes  his 
measurements  at  different  locations,  the  scatter  will  be  larger.  Usual  practice  when 
making  such  measurements  is  to  calculate  the  arithmetic  mean  value-  often  loosely 
called  the  average,  of  n  measurements  according  to  the  formula: 


X,  +X_  +  ...  +  X 
12  n 


n 


It  can  be  shown  for  the  vast  majority  of  measurements  of  dimensions  of  the  sort  under 
consideration  in  this  program  that  if  large  numbers  of  replicate  measurements  are  taken 
and  the  results  plotted  as  a  frequency  histogram,  their  values  will  be  distributed  in  a 
characteristic  bell- shaped  curve  known  as  a  Normal  distribution.  The  assumption  that 
dimensions  measured  during  this  program  are  Normally  distributed  could  therefore  be 
made  with  good  confidence,  and  it  was  not  considered  necessary  to  make  statistical  tests 
to  establish  Normality. 


For  Normally  distributed  measurements,  a  second  statistic  other  than  the  arith¬ 
metic  mean  serves  to  measure  the  scatter,  or  dispersion,  of  the  individual  observations 
about  the  mean.  This  statistic  is  the  standard  deviation  of  the  observations.  It  is  de¬ 
fined  by  the  following  formula,  though  more  convenient  forms  of  the  equation  are  avail¬ 
able  for  calculation  purposes: 


s 


X)2  +  (X,  -  X)2  +  ...  +  (X  -  X)2 
c.  n 

__ 


Because  of  the  properties  of  the  Normal  distribution,  the  standard  deviation  is  extremely 
useful  for  determining  the  natural  tolerances  of  a  manufacturing  process.  For  a  Nor¬ 
mally  distributed  dimension,  68.  2  percent  of  the  measurements  of  that  dimension,  on  the 
average,  will  fall  within  one  standard  deviation  of  the  mean  value,  or  X  ±  Is;  95,4  per¬ 
cent  of  the  measurements  will  fall  within  the  range  X  ±  2s;  and  99.  7  percent  will  fall 
within  X  ±  ,3s.  Knov/ing  X  and  s  for  his  process,  a  manufacturer  can  state  with  confi¬ 
dence  what  tolerance  he  can  comfortably  work  to  or  what  fraction  of  his  product  will  have 
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to  be  rejected  if  he  is  required  to  work  to  any  particular  closer  tolerance.  For  further 
discussion  of  such  applications  of  statistics,  the  reader  is  referred  to  books  on  the  sub¬ 
ject.  The  percentage  points  of  the  Normal  distribution  were  included  above,  however, 
to  assist  the  reader  in  making  comparisons  of  dimensions  of  other  bellows  and  dia¬ 
phragms  with  those  used  on  this  program.  The  quantities  X,  s,  and  n  as  just  defined' 
appear  in  Tables  P-2  through  P-12  for  each  dimension  of  each  bellows  under  the  column 
headings  "Mean",  "Std.  Dev.",  and  "No.  of  Observ.  " 

The  bellows  and  diaphragms  used  in  the  program  were  Obtained  in  lots  of  twelve 
that  were  made  sequentially  from  the  same  heat  of  material  on  a  single  piece  of  manur 
facturing  equipment. 

Even  so,  it  can  be  seen  from  the  tables  that  there  are  variations  among  the  bellows 

in  a  lot.  It  is  appropriate  again  to  use  the  arithmetic  mean  and  the  standard  deviation  to 

measure  a  best  single  value  for  each  dimension  and  the  variation  in  this  dimension 

among  bellows.  These  two  numbers  are  presented  in  the  lower  portions  of  the  tables  for 

each  dimension  under  the  headings  "Grand  Mean,  X"  and  "Standard  Deviation  of  Means, 

s— The  quantity  s— is  a  measure  of  the  scatter  in  dimensions  resulting  from  three 
X  X 

possible  causes:  bellows-to-bellows  variation,,  convolution-to-convolution  variation 
within  bellows,  and  scatter  due  to  measurement  inaccuracy,  operator  techniques,  etc. 

Among  the  pertinent  questions  for  both  manufacturers  and  users  of  bellows  and  dia¬ 
phragms  are  the  following: 

(1)  What  are  the  actual,  rather  than  the  nominal,  dimensions  of  the  bellows 
or  diaphragm? 

(2)  What  variations  in  dimensions  exist  among  the  convolutions  or  corruga¬ 
tions  of  a  single  bellows  or  diaphragm? 

(3)  Are  the  variations  in  the  corresponding  dimensions  of  different  bellows 
or  diaphragms  from  the  same  lot  significantly  different  from  the 
convolution-to-convolution  variations  within  a  single  item? 

For  the  test  bellows  and  diaphragms,  Question  1  is  answered  by  the  values  of  X  and 
X  in  the  tables  for  the  dimensions  that  could  be  measured.  If  more  replicate  measure¬ 
ments  had  been  made,  confidence  in  the  degree  to  which  the  averages  of  the  meas¬ 
urements  approach  the  true  mean  values  would  of  course  have  been  increased. 

Question  2  is  an  important  one,  since  local  strains,  and  therefore  mechanical  per¬ 
formance,  have  been  shown  to  be  strongly  dependent  on  convolution  geometry.  Although 
the  nondestructive  measurements  that  could  be  made  on  the  program  items  do  not  com¬ 
pletely  define  the  convolution  shapes,  the  values  of  the  standard  deviations,  s,  do  give 
some  indication  of  the  convolution-to-convolution  variations  within  a  single  item,  although 
the  values  of  s  also  contain  the  scatter  due  to  measurement  inaccuracy  and  operator 
variations.  If  a  duplicate  set  of  measurements  in  all  respects  had  been  made,  it  would 
have  been  possible  to  separate  these  two  sources  of  scatter.  However,  to  have  made 
duplicate  measurements  would  have  added  significantly  to  the  program  costs. 

Question  3  can  be  answered  by  comparing  the  standard  deviation  of  the  means,  s^-, 
with  a  single  number  representing  the  average  standard  deviation  within  a  bellows,  s. 

A  valid  estimate  of  s  for  a  particular  dimension  cannot  be  obtained  by  simply  taking  the 
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average  of  the  standard  deviations  for  that  dimension  associated  with  each  bellows;  For 
a  set  of  k  items,  the  formula  for  determining  »  from  the  individual  values  of  s  for  each 
item  is: 


Values  of  s  for  each  dimension  of  each  set  of  bellows  for  which  more  than  a  single  mea¬ 
surement  had  been  made  are  given  in  the  tables  under  the  heading  "Mean  Standard  Devia¬ 
tion,  7".  Because  the  individual  values  of  s  contain  variations  arising  from  more  than 
one  source,  as  noted  above,  the  values  of  s  are  measures  of  average  variation  among  the 
convolutions  of  single  bellows  plus  the  measurement  inaccuracies  and  operator  effects. 

A  statistical  test  known  as  the  F-test  is  available  to  determine  whether  a  statisti¬ 
cally  significant  difference  exists  between  any  pair  of  values  of  s~  and  s.  To  perform 
an  F-test  it  is  necessary  also  to  know  the  number  of  degrees  of  freedom  associated  with 
s— and  with  s.  hi  the  present  case,  the  number  ofdegrees  of  freedom  for  s— is  one  less 

than  the  number  of  bellows  or  diaphragms  in  the  set,  or  k  -  1.  For  s,  the  number  of 
degrees  of  freedom  is  the  total  number  of  observations  minus  the  number  of  items  in  the 
set,  or  ni  +  n2  +  . . .  +  nj^  -  k,  It  will  be  noted  that  this  number  is  also  the  denominator 
in  the  expression  for  calculating  s.  Knowing  these  four  numbers,  the  F-test  is  made  by 
consulting  a  table  of  the  F-distribution,  Such  tables  are  included  in  most  books  pn  sta¬ 
tistics.  The  one  used  in  the  calculations  made  in  this  program  was  Table  D  in  Statistical 
Methods  in  Research  and  Production,  by  O.  L.  Davies,  published  by  Oliver  and  Boyd 
(London),  1949,  pp  272-275. 

In  making  the  F-test,  the  squared  ratio  of  the  theoretically  larger  standard  devia¬ 
tion,  in  this  case  s^,  to  the  smaller,  s,  is  calculated  for  the  measurement  in  question. 

The  F«table  gives  the  minimum  value  of  the  ratio  F  between  the  squared  standard  devia¬ 
tions,  or  variances,  having  any  particular  degrees  of  freedom  for  which  a  statistically 
significant  difference  between  the  standard  deviations  can  be  presumed  to  exist.  If  the 
calculated  value  of  F  is  larger’ than  the  corresponding  tabular  value,  one  can  say  in  the 
present  case  that  there  is  significantly  more  variation  among  bellows  in  the  dimension 
for  which  F  was  calculated  than  there  is  variation  in  the  same  dimension  within  individual 
bellows.  *  A  value  of  the  F- ratio  less  than  unity  also  means  that  there  is  no  statistically 

significant  difference  between  s~  and  s.  Although  the  true  value  of  must  always  be 

A  A 

equal  to  or  greater  than  the  true  value  of  s,  since  it  contains  the  additional  item-to-item 
scatter,  experimental  estimates  of  the  F- ratio  may  be  less  than  unity. 

As  with  all  statistical  statements,  the  results  of  the  F-test  can  only  be  stated  in 
terms  of  probability.  F-tables  are  usually  constructed  containing  ratio  values  for  0.  90, 

0.  95,  and  0.  99  probabilities  of  significance.  Given  a  value  of  the  ratio  shown  by  the 
F-table  to  be  significant  at  the  95  percent  level,  the  proper  interpretation  is  that  95  times 
out  of  100,  on  the  average,  the  tabular  value  of  the  ratio  is  correct  in  indicating  that  a 
difference  exists  between  the  standard  deviations  in  question.  If  one  examines  an 
F-table,  he  will  note  that  as  the  number  of  observations,  and  therefore  the  number  of 
degrees  jf  freedom,  is  increased,  the  test  is  able  to  distinguish  statistical  significance 


•As  has  been  noted,  the  values  of  s— and  s  obtained  In  this  program  also  contain  the  error  term,  which  is  small  with  respect  to  the 
variations  in  the  dimensions  in  most  cases,  but  which  cannot  be  separated. 
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when  smaller  and  smaller  differences  exist  between  the  standard  deviations  being  com¬ 
pared.  Tables  P-2  through  P-13  include  the  calculated  F- ratios  between  s's  and 

for  each  dimension  with  their  associated  significance  statements. 


Analysis  of  Nondestructive  Dimension  Data 


The  procurement  of  test  bellows  and  diaphragms  for  the  program  was  different 
from  the  usual  procurement.  Instead  of  the  bellows  and  diaphragms  being  required  to 
perform  under  a  set  of  operating  conditions*  ’’standard"  items  were  ordered  that  were 
of  convenient  size  and  general  performance  capability.  The  closeness  with  which  the 
performance  of  the  items  coi'ld  be  predicted  by  the  theory  was  then  determined.  The 
use  of  standard  bellows  and  diaphragms  significantly  reduced  the  testing  cost  in  the  pro¬ 
gram.  Although  there  were  no  tolerance  standards  against  which  the  dimensions  could 
be  compared,  the  mean  values  of'  in*  measured  dimensions  permit  a  number  of  conclu¬ 
sions  to  be  drawn  concerning  the  "typical"  manufacturing,  processes.  The  different  di¬ 
mensions  will  be  discussed  in  turn. 


Convolution  Outer  Diameter.  In  all  of  the  formed  bellows  tested,  the  convolutions 
were  formed  radially  outward*  beginning  with  a  uniform  longitudinally  butt- welded  cylin¬ 
drical  tube  having  the  approximate  diameter  of  the  finished- bellows  inside  diameter. 

The  behavior  of  the  mean  standard  deviations,  T,  and  the  standard  deviations  of  the 
means,  s— ,  are  shown  in  Figure  P-3,  as  functions  of  the  outer  diameter.  The  mean 

standard  deviation  for  the  single-ply  Type  321  stainless  steel  formed  bellows,  the  only 
program  bellows  series  having  three  diameters,  was  linearly  related  to  diameter.  This 
indicated  that  the  tolerance  on  individual  convolutions  of  a  bellows  is  naturally  greater, 
the  larger  the  bellows  when  manufactured  by  the  particular  hydraulic  process  used.  The 
standard  deviation  of  the  means  for  these  bellows  was  not  a  function  of  bellows  diameter, 
however,  indicating  that  the  average  outside  diameter  taken  over  all  the  convolutions  of 
a  bellows  was  likely  to  deviate  from  the  average  outside  diameter  for  all  the  bellows  in 
the  group  by  about  the  same  amount,  whatever  the  size  of  the  bellows.  Furthermore, 
s—  was  significantly  smaller  than  s  for  the  5-inch  and  3-inch  bellows.  For  the  1-inch 
bellows,  s^- and  s  were  equal.  This  suggests  that  if  bellows  much  smaller  than  1-inch 
outside  diameter  were  made  with  the  same  manufacturing  process,  the  resulting  bellows 
might  have  s  significantly  greater  than  s~. 

For  the  two-ply  Type  321  bellows,  s  was  smaller  than  for  the  single-ply  bellows. 
The  two-ply  bellows  appeared  to  show  the  same  sort  of  size  dependence  as  the  single-ply 
bellows,  though  this  cannot  be  stated  definitely  because  only  two  sizes  of  two -..ply  bellows 
were  measured.  The  s  data  indicate  that  the  convolution- to- convolution  uniformity  was 
better  for  the  two-ply  bellows,  probably  because  their  doubled  wall  thickness  made  them 
less  critical  to  form  than  the  single-ply  bellows.  The  two-ply  bellows  as  a  group  were 
hot  as  uniform  as  the  single-ply  bellows,  as  shown  by  their  higher  values  of  s^.  A  pos¬ 
sible  reason  might  be  that  it  was  more  difficult  to  control  the  higher  hydraulic  pressures 
required  to  form  the  two-ply  bellows. 

The  Inconel  718  formed  bellows  showed  a  greater  size  dependence  of  s  for  the  out¬ 
side  diameter  than  did  the  Type  321  bellows,  and  these  bellows  also  showed  a  size  de¬ 
pendence  of  s—  in  contrast  to  the  Type  321  bellows. 
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As  might  have  been  expected,  the  standard  deviations  of  the  outside  diameters  for 
the  welded  bellows  (see  Tables  P-9  through  P-12)  were  generally  smaller  than  those  of 
the  formed  bellows,  reflecting  greater  uniformity.  The  smaller  welded  bellows  ap¬ 
peared  to  have  slightly  larger  standard  deviations  than  did  the  larger  ones,  however. 
This  might  have  been  the  result  of  the  weld  burn-down  being  a  larger  fraction  of  the 
diameter  in  the  smaller  welded  bellows. 


Inside  Diameter.  The  standard  deviations  for  the  inside-diameter  measurements 
of  the  formed  bellows  are  shown  in  Figure  P-4.  Behavior  was  generally  similar  to  the 
outside-diameter  standard  deviations.  The  abnormally  high  value  for  the  standard  devi¬ 
ation  of  the  means  for  the  3 -inch  single-ply  Type  321  bellows  was  entirely  due  to  the 
results  for  bellows  JD61  and  JD67.  If  the  inside  diameters  of  these  two  bellows  are  neg¬ 
lected,  s—  becomes  0.0036  for  the  remaining  10  bellows,  and  a  linear  relationship  with 
diameter  results.  These  values  indicate  the  type  of  statistical  basis  on  which  bellows 
could  be  rejected. 

As  has  already  been  noted,  nondestructive  inside-diameter  measurements  of 
welded  bellows  could  be  obtained  only  for  the  3 -inch  Type  347  bellows  *  Only  single  ob¬ 
servations  were  made,  so  it  was  not  possible  to  calculate  s.  The  value  of  s=?  obtained, 

0.0015,  fell  below  the  corresponding  formed-bellows  values,  as  would  be  expected. 


Outer  Torus  Radius.  Standard  deviations  for  the  outer  torus  radii  of  the  formed 
bellows  are  plotted  against  torus  radius  in  Figure  P-5  (note  the  smaller  vertical  scale 
than  that  of  Figures  P-3  and  P-4).  They  could  equally  well  have  been  plotted  against  a 
bellows  r  diameter  measurement,  since  smaller  bellows  had  ^smaller  convolutions  and 
smaller  torus  radii.  For  the  single-ply  Type  321  bellows,  s  showed  almost  no  depen¬ 
dence  on  torus  radius,  while  s— was  erratic.  The  s^  value  for  the  3-inch  set  of  bellows 

looks  suspiciously  low,  owing  to  a  remarkably  uniform  set  of  mean  values  (Table  P-3). 
Matching  of  torus  radii  to  the  master  templates  was  possibly  not  done  carefully  enough 
on  this  set  of  bellows; 


Pitch.  Standard  deviations  for  pitch  are  plotted  against  pitch  in  Figure  P-6.  The 
mean  standard  deviation  for  the  5 -inch  bellows  was  markedly  high,  and  on  the  bellows 
themselves,  the  convolution-to- convolution  pitch  variations  and  even  variations  with 
azimuth  around  adjacent  convolutions  were  visible  to  the  practiced  eye.  For  the  3-inch 
and  1-inch  single-ply  Type  321  bellows,  pitch  variations  along  the  bellows  were  no 
greater  than  pitch  variations  from  one  bellows  to  another.  There  was  very  little  size 
dependence  of  s—  for  either  the  single-ply  or  the  two-ply  Type  321  bellows.  The  two- 

ply  bellows  were  significantly  more  uniform  in  pitch  than  were  the  corresponding  single 
ply  bellows. 

The  Inconel  718  formed  bellows  were  supplied  by  a  different  manufacturer.  Mean 
standard  deviation  of  pitch  in  these  bellows  showed  a  strong  dependence  on  size,  the 
3-inch  Inconel  718  bellows  being  second  only  to  the  5-inch  Type  321  bellows  in 
convolution-to- convolution  pitch  variation.  The  situation  was  reversed  for  the  1-inch 
size,  the  Inconel  718  being  the  more  uniform  in  pitch. 
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Pitch  measurements  were  made  on  the  welded  bellows  and  are  presented  in 
Tables  P-9  through  P-12.  The  standard  deviations  ranged  somewhat  lower  than  those 
for  most  of  the  formed  bellows  and  did  not  appear  to  show  any  significant  trends^ 


Bellows  Length.  Standard  deviations  for  the  lengths  Of  the  formed  bellows,  mea¬ 
sured  between  crowns  of  the  end  convolutions^  are  shown  in  Figure  P-7.  In  almost 
every  case,  s— was  significantly  larger  than  s.  This  is  perhaps  to  be  expected^  since 
only  a  gross  lack  of  parallelism  between  the  end  convolutions  of  a  bellows  could  produce 
a  large  value  of  s.  The  amount  by  which  s—  exceeds  7  for  die  single-ply  Type  321  bel¬ 
lows  is  somewhat  surprising,  however.  It  can  be  accounted  for  only  as  the  result  of  ac¬ 
cumulated  variations  in  pitch  summed  over  the  bellows  lengths. 


Diaphragm  Dimensions.  After  visual  examination,  diameters  of  the  diaphragm 
corrugations  were  measured  with  the  same  optical  comparator  used  throughout  the  pro¬ 
gram  for  measurements  of  bellows  pitch,  free  length,  and  torus  radii.  In  the  case  of  the 
diaphragm  measurements,  however,  the  comparator  was  used  in  the  reflected-light 
mode,  rather  than  in  the  transmitted- light  or  shadow  mode.  The  specular  reflections 
from  the  crests  and  troughs  of  the  corrugations  were  easily  observed,  and  accurate 
measurements  were  obtained  of  the  corrugation  diameters. 

Heights  and  depths  of  the  diaphragm  corrugations  were  measured  using  a  conven¬ 
tional  metallurgical  microscope  having  a  4-mm  focal- length  objective  lens  and  a  cali¬ 
brated  rack-and-pinion  focusing  arrangement.  The  microscope  was  focused  on  the  crest 
of  a  corrugation,  the  calibrated  drum,  was  read,  and  the  diaphragm  was  traversed  along 
a  diameter  to  the  trough  of  the  corrugation.  The  microscope  was  again  focused,  the 
drum  was  read,  and  the  top-torbottom  corrugation  height  was  determined  by  difference., 
Corrugation  diameters  and  heights  were  measured  across  two  orthogonal  diameters  on 
each  diaphragm. 

Measured  dimensions  of  the  diaphragms  appear  in  Table  P-13  and  the  associated 
figure,  P-8.  From, the  F-test  significance  statements  in  the  table,  it  will  be  noted  that 
there  are  significant  variations  in  the  diameters  of  the  innermost  and  outermost  corru¬ 
gation  crests.  The  item-to-item  variations  thus  revealed  are  .most  likely  attributable 
to  minor  heating  variations  associated  with  making  the  end  fitting  welds. 


Measurement  of  Dimensions  Requiring  Destruction 
of  the  Bellows  or  Diaphragm 


One  bellows  or  diaphragm  from  each  lot  of  12  was  selected  for  encapsulation  and 
cross  sectioning  upon  completion  of  the  nondestructive  measurements.  Insofar  as  pos-_ 
sible,  a  bellows  or  diaphragm  was  selected  that  had  dimensions  close  to  the  grand 
means  of  the  measured  dimensions.  The  remaining  items  of  the  lot  were  held  until  the 
dimensions  from  the  cross  sections  had  been  obtained,  the  mathematical  model  had  been 
constructed,  and  the  predictions  of  mechanical  behavior  had  been  made  using  the  stress- 
anaiysis  procedure  described  in  Appendix  B,  The  items  were  then  released  for  testing 
to  verify  the  predictions,. 

To  obtain  the  dimensions  required  for  the  mathematical  model,  the  items  were 
encapsulated  in  a  plastic  matrix  and  accurately  cross  sectioned  along  their  longitudinal 
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axes.  The  exposed  cross-sectioned  surfaces  were  then  polished,  and  indentations  or. 
bench  marks  were  located  on  appropriate  convolutions.  The  X- Y  coordinates  of  each 
bench  mark  were  then  determined  so  the  shape  of  die  convolutions  could  be  reproduced 
for  the  mathematical  model.  The  instructions  presented  in  this  section  not  only  describe 
the  procedures  followed  during  die  program,  but  also  outline  the  steps  required  to  ob¬ 
tain  dimensions  for  the  stress-analysis  procedure  described  in  Appendix  B. 


Encapsulation 

A  hard  plastic  such  as  Epon  815*  should  be  used  for  encapsulation  to  minimise 
metal  smearing  in  the  polishing  process.  If  the  curing  process  is  exothermic,  the 
proper  accelerator  must  be  used  or  a  runaway  cure  may  result  in  large  bubbles,  un¬ 
sound  plastic,  and  distortiomof  the  bellows.  An  accelerator  that  will  produce  good  re¬ 
sults  with  Epon  815  is  DEAPA  (diethylaminopropylamine)**.  Although  a  mixture  ratio 
of  6  parts  of  accelerator  to  100  parts  of  resin  by  weight,  is  recommended,  with  experi¬ 
ence  this  ratio  may  be  adjusted  in  accordance  with  the  mass  of  plastic  material  required. 

The  bellows  can  be  encapsulated  in  any  convenient  rigid  container.  For  a  large 
bellows,  e.  g. ,  5  inches  OD,  a  water-cooled  polyethylene  bottle  may  be  inserted  inside 
the  bellows  to  reduce  the  mass  of  plastic  material  and  minimize  the  possibility  of  a  run¬ 
away  cure. 

The  resin  must  be  thoroughly  mixed  with  the  accelerator,  using  a  power  stirrer,, 
just  prior  to  encapsulation.  After  mixing,  the  plastic  should  be  degassed  in  a  vacuum 
before  casting.  Degassing  should  take  only  a  few  minutes.  A  second  degassing  should 
be  performed  immediately  after  the  plastic  is  poured  into  the  mold.  Epon  815  will  re¬ 
quire  from  1  to  3  days  to  cure  at  room  temperature,  depending  on  the  mass  of  plastic 
arid  the  ambient  temperature. 


Preparation  cf  the  Cross  Section 

After  the  plastic  matrix  has  cured  sufficiently  (the  exposed  surfaces  are  no  longer 
tacky),  it  can  be  removed  from  the  mold.  Then  it  is  necessary  to  section  the  plastic 
block  along  the  longitudinal  axis  of  the  bellows.  This  can  be  accomplished  readily  with  a 
resin-bonded  abrasive  cutoff  wheel.  It  is  important  that  the  exposed  surface  be  parallel 
to  the  longitudinal  axis  of  the  bellows,  and  that  the  surface  be  slightly  off  center  (about 
0.  005  inch)  to  allow  material  for  the  subsequent  grinding  and  polishing  operations.  Care 
must  be  exercised  during  the  casting  process  so  that  both  diametral  ends  of  the  bellows 
are  exposed  or  are  -visible.  This  makes  it  possible  to  locate  and  scribe  the  true  center- 
line  of  the  bellows  on  the  plastic  mass.  The  centerline  then  serves  as  a  guide  for  cross 
sectioning  the  mass. 

The  base  of  the  plastic  block  should  be  machined  parallel  to  the  cross-sectioned 
surface.  If  it  is  desirable  to  square  off  the  plastic  block  all  over  to  facilitate  subsequent 
polishing  and  measuring  operations,  this  can  be  accomplished  in  a  standard  milling  ma¬ 
chine  with  a  fly  cutter  or  end  mill.  In  any  case,  it  is  advisable  to  grind  the  surface 


*  A  product  of  the  Shell  Chemical  Corporation. 

“Experience  has  shown  that  this  accelerator  should  be  stored  In  a  refrigerator  since  erratic  and  runaway  curing  may  occur  if  the 
accelerator  ages  on  the  shelf. 
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exposed  by  the  cutoff  wheel  to  give  an  initially  flat  surface  and  to  reduce  the  ynrwunt  of 
polishing  required.  This  can  be  done  with  a  standard  surface  grinder  using  a  large*  grit, 
open-face  grinding  wheel. 

In  the  final  step  of  preparation^  the  cross- sectioned  surface  is  pplished.  A  mirror 
finish,  free  of  grinding  scratches,  is  required.  This  is  accomplished  by  first  polishing 
the  surface  with  a  rotating  disk  of  felt  cloth  charged  with  a  1 -micron  diamond  paste. 

The  final  polish  is  achieved  with  an  aluminum  oxide  abrasive  of  0. 03  micron  siae.  Fhd- 
tomacrographs  of  polished  bellows  and  diaphragm  cross  sections  are  shown  in  Fig¬ 
ures  P-9  through  P-14. 


Location  of  Bench  Marks 

As  a  part  of  the  stress -analysis  procedure,  a  series  of  X-Y  coordinates  is  used 
to  draw  the  enlarged  portion  of  the  bellows.  To  obtain  X-Y  coordinates,  it  is  first. nec¬ 
essary  to  establish  the  midplane  of  the  shell  of  the  selected  convolution (s)  on  the  bellows 
cross  section.  This  can  be  done  with  a  Tukon  microhardness  tester.  Diamond  pyramid 
hardness  impressions  (bench  marks)  are  indented  into  the  shell  along  the  midplane  at 
regular  intervals  using  a  Vickers  diamond  penetrator  and  a  300-gram  load.  Generally, 
an  experienced  operator  can  visually  place  an  indentation  within  0.  0005  inch  of  the  mid- 
plane,  especially  with  . materials  approximately  0.  005  inch  thick.  For  thicker  materials 
it  may  be  necessary  to  locate  the  midplane  by  making  measurements  from  the  edges  of 
the  material. 


Measurement  of  Bench  Marks 


After  hardness  impressions  have  been  placed  along  the  midplane  of  the  convolu¬ 
tion,  the  block  containing  the  sectioned  bellows  is  mounted  on  a  calibrated  X-Y  microm¬ 
eter  stage  under  a  microscope  equipped  with  a  cross-hair  reticle.  As  each  hardness 
impression  is  brought  under  the  cross  hairs,  its  X  and  Y  coordinates  are  read  from  the 
stage  drums. 

The  specimen  is  then  examined  under  a  microscope  equipped  with  a  Vickers 
image- splitting  measuring  eyepiece,  and  the  wall  thickness  is  measured  at  all  of  the 
hardness  impressions.  Wall-thickness  data  are  also  an  input  to  the  computer  program. 


Hardness  Measurement 


Finally,  the  hardness  impressions  can  be  read  to  determine  the  hardness  number 
associated  with  each  impression.  It  was  found  that  there  is  a  noticeable  increase  in 
microhardness  of  the  bellows  wall  material  that  is  approximately  proportional,  to  the 
amount  of  wall  thinning.  Although  not  much  use  can  be  made  of  this  observation  within 
the  state  of  the  art,  it  is  mentioned  because  of  the  relationship  that  exists  between  the 
tensile  strength  and  hardness  of  metals.  The  gain  in  limiting  material  properties  with 
hardness  acts  to  offset  at  least  partially  the  increase  in  membrane  stress  that  accom¬ 
panies  wall  thinning. 


P-il 


Metallurgical  Examination?  of  Bellows 
and  Diaphragm  Cross  Sections 


After  the  convolution  shapes  had  been  determined  from  the  bellows  and  diaphragm 
cross  sections,  they  were  examined  microscopically  in  the  unetched  and- etched  condi¬ 
tions.  Unetched  examinations  showed  that  inclusion  contents  of  all  bellows,  diaphragm, 
and  end-fitting  materials  were  satisfactorily  low.  Etched  examinations  showed  that 
grain  size  relative  to  wall  thickness  was  small  in  all  cases,  signifying  good  control  by 
the  metal  fabricators.  Examples  of  typical  microstructures  are  shown  in  the  photo¬ 
micrographs  accompanying  the  following  discussion  of  the  end  fittings  and  convolution 
welds. 


End  Fittings  -  Formed  Bellows 

All  formed  bellows  tested  during  the  program  had  their  end  fittings  attached  by 
overlapping  spot-resistance  seam  welding.  One  manufacturer  first  seam-welded  inner 
and  outer  reinforcement  rings  to  the  ends  of  the  bellows  and  then  gas -tungsten-arc 
welded  the  flanges  to  the  rings  (Figures  P-9  and  P-10).  The  other  formed-bellows 
manufacturer  made  the  inner  reinforcement  ring  an  integral  part  of  the  machined  end 
fitting  (Figure  P-11).  Figure  P-15  shows  an  enlarged  view  of  a  cross  section  of  a 
formed-bellows  end-fitting  weld.  The  weld  nugget  is  properly  sized  and  is  symmetri¬ 
cally  located.  Note  that  the  small  amount  of  distortion  of  the  reinforcement  rings  ac¬ 
companying  seam  welding  tends  to  separate  the  rings  from  the  beilows  slightly.  This 
separation  may  be  beneficial,  since  it  makes  it  less  likely  that  the  edges  of  the  rings 
could  cause  a  stress  concentration  in  the  bellows  wall.  The  gap  between  the  bellows 
and  the  reinforcement  rings  is  a  potential  point  of  contamination  entrapment,  however, 
and  would  be  very  difficult  to  clean. 

No  difficulties  were  encountered  during  the  program  with  either  leakage  or  me¬ 
chanical  failure  of  a  formed-bellows  end  fitting.  It  must  be  stated,  however,,  that  the 
program  specimen  requirements  did  not  impose  any  serious  restrictions  on  end-fitting 
design  or  attachment.  Manufacturers  were  therefore  able  to  employ  their  best  practice 
in  attaching  the  end  fittings. 


End  Fittings  -  Welded  Bellows 

Two  sizes  of  Type  347  welded  bellows  were  obtained  from  one  manufacturer,  and 
tv/o  sizes  of  AM-350  welded  bellows  were  obtained  from  another  manufacturer,.  These 
bellows  were  examined  in  detail  and  the  results  are  presented  in  the  following  section. 
Welded  bellows  from  two  other  manufacturers  were  obtained  late  in  the  program.  Al¬ 
though  the  fatigue  results  for  these  last  bellows  are  included  in  Appendix  N,  the  exami¬ 
nations  of  the  bellows  were  very  brief  and  the  results  are  not  included  here. 

The  welded  bellows  that  were  examined  in  detail  had  end  fittings  that  required  an 
edge  burn-down,  gas-tungsten-arc  weld  to  attach  the  outer  circumference  of  the  last 
diaphragm  to  a  portion  of  the  end  fitting  that  had  been  previously  machined  to  about  3  to 
4  times  the  diaphragm  thickness.  The  manufacturer  of  the  Type  347  stainless  steel  bel¬ 
lows  favored  a  conically  tapered  fitting,  as  shown  in  Figure  P-12, 


P-12 


0  - 

The  manufacturer  of  the  AM-350  bellows  used  an  end-- fitting  design  requiring  a 
machined  flange  as  shown  in  Figure  P- 13.  The  use  by  the  latter  manufacturer  of  a  tilted 
inner  edge  on  his  convolutions  made  it  necessary  for  him  to  increase  the  end- fitting 
clearance  on  the  female  (flange-side)  end  fitting.  An  etched  photomicrograph  of  one  of 
the  AM- 3 50  end-fitting  welds  is  shown  in  Figure  P-16.  The  amount  of  burn- down  ap¬ 
pears  adequate  and  the  weld  microstructure  is  fine  rather  than  coarse.  A  rather  sub¬ 
stantial  heat- affected  zone  is  visible  in  the  end  fitting,  but  the  section  size  is  sufficient 
to  keep  the  stress  low  in  that  region.  Machining  marks  are  visible  on  the  mating  sur¬ 
face  of  the  end  fitting.  These  marks  were  not  present  oh  all  of  the  end  fittings  sectioned. 
Also  visible  in  the  end- fitting  microstructure  are  stringers  of  delta  ferrite,  which  are. 
to  be  expected  in  the  AM-355  end-fitting  alloy.  These  stringers,  which  are  oriented 
parallel  to  the  plane  of  rolling,  are  not  known  to  be  harmful  in  themselves.  When  the 
stringers  are  accompanied  by  large  inclusions  in  the  rolling  plane,  as  in  a  dirty  heat  of 
AM-355  (which  this  one  is  not),  it  is  easy  to  see  from  Figure  P-16  how  a  brittle  inclur 
sion  that  opens  because  of  the  heat  of  welding  can  create  a  leak  path  through  the  flange 
portion  of  the  end:  fitting.  The  manufacturer  has  some  control  over  the  orientation  of  the 
ferrite  stringers  and  inclusions,  if  any,  by  his  design  and  his  materials  selection.  For 
example,  in  some  cases  there  is  a  choice  between  making  end  fittings  from  bar  or  from 
plate. 


Convolution  Welds.  An  etched  photomicrograph  of  a  typical  outer -diameter  weld 
in  a  3-1/ 2 -inch  Type  347  welded  bellows  is  shown  in  Figure  P-17.  The  weld  bead  is 
symmetrical  and  well  formed.  The  diameter  of  the  bead,  about  2-  1/2  to  3  times  the 
diaphragm  thickness,  is  of  a  size  that  offers  sufficient  reinforcement  to  avoid  failure 
through  the  bead.  The  diaphragms  are  approximately  tangent  at  the  edge  of  the  fusion 
zone  of  the  weld.  The  edge  of  the  fusion  zone  is  not  the  edge  of  the  columnar  region, 
but  is  defined  by  the  intersection  points  of  the  circular  weld  bead  with  the  outer  dia¬ 
phragm  surfaces  and  the  point  of  initial  tangency  of  the  inner  diaphragm  surfaces,  A 
small  amount  of  epitaxial  grain  growth  occurred  before  solidification  proceeded  far 
enough  into  the  bead  to  establish  the  unidirectional  heat-flcw  pattern  necessary  for 
columnar  solidification.  The  grain  size  of  the  columnar  portion  of  the  fusion  zone  is 
relatively  fine.  There  was  also,  very  little  grain  growth  in  the  heat-affected  zone.  In 
short,  the  weld  in  Figure  P-17  was  a  good  one,  and  was  typical  of  the  inner-  and  outer- 
diameter  welds  on  the  3-1/2-inch  Type  347  cross  section., 

On  the  1-1/2-inch  Type  347  bellows  welds  in  thinner  material,  however,  the 
manufacturer  appeared  to  have  had  some  difficulty  in  maintaining  a  close  fitup  between 
diaphragms,  so  there  was  sometimes,  though  not  always,  a  gap  such  as  that  visible  in 
Figure  P-18.  Whether  the  geometrical  effect  of  such  a  gap  is  good  or  bad  is  debatable. 
In  cases  where  the  notch  at  the  base  of  the  weld  is  its  weakest  point,,  the  blunting  of  its 
end  might  be  beneficial  in  reducing  the  stress  concentration.  Insofar  as  the  gap  between 
the  diaphragms  may  represent  a  nonuniformity  in  the  manufacturing  process,  however, 
it  is  bad. 

An  example  of  an  outer-diameter  weld  in  a  3-inch  AM-350  welded  bellows  is  shown 
in  Figure  P- 19,  The  weld  uniformity  in  both  sizes  of  the  AM-350  bellows,  both  inner- 
and  outer-diameter,  was  excellent.  Fitup  was  good  on  all  welds  examined  in  cross 
section.  The  particular  photomicrograph  presented  in  Figure  P-19  was  selected  be¬ 
cause  one  of  the  diaphragms  happened  to  have  its  roiling  direction  very  near  the  plane 
of  polish,  revealing  the  stringer-like  nature  of  the  delta  ferrite  regions.  A  small  "tail", 
presumably  surface  oxide  that  has  heen  entrapped  in  the  weld,  is  visible  at  the  base  of 
the  notch  in  this  figure,  and  in  the  Type  347  stainless  steel  in  Figure  P-17.  Tails  of  this 
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size  are  not  reported  to  be  harmful,  though  the  presence  of  excessive  amounts  of  such 
oxide  as  could  result  from  poor  cleaning  or  welding  practice  can  cause  a  plane  of  weak¬ 
ness  in  the  weld  bead. 


Hardness.  Microhardness  traverses  across  convolution  welds  in  the  welded  bel¬ 
lows  showed  that  there  was  only  slight  hardness  variation  across  the  welds  in  the  Type  347 
stainless  steel  (Figure  P-20).  The  Type  347  welds  were  all  within  a  50- point  band  of 
Knoop  Hardness  Numbers  (KHN).  There  were  no  apparent  differences  between  traveries 
of  inside-  and  outside-diameter  welds.  In  general,  the  hardnesses  of  the  fusion  and 
heat-affected  zones  of  the  Type  347  welds  were  slightly  less  than  the  base-metal 
hardness. 

Convolution  welds  in  the  AM-350  welded  bellows,  hardnesses  of  which  are  also 
shown  in  Figure  P-20,  had  a  spread  of  100  points  of  hardness,  about  twice  that  of  the 
Type  347  welds.  However,  hardnesses  of  the  AM-350  welds  and  base  metal  were  at  a 
much  higher  level  than  were  those  of  the  Type  347  stainless  steel.  There  appeared  to 
be  a  slight  drop  in  hardness  across  the  heat-affected  zone  and  into  the  fusion  zone,  but 
in  AM-350  the  peak  hardness  in  the  fusion  zone  equalled  or  exceeded  the  base-metal 
hardness  by  a  small  amount. 


Examinations  of  Fatigued  Bellows  and  Diaphragms 


Following  fatigue  testing,  the.  bellows  were  visually  examined,  and  certain  bellows 
were  subjected  to  destructive  examinations  of  the  fracture  regions. 


Posttesting  Visual  Examination 

As  described  in  Appendix  Q,  the  approximate  locations  and  lengths  of  fatigue  frac¬ 
tures  had  already  been  determined  using  internal  pressurization  and  soap  solution  im¬ 
mediately  after  the  testing.  Visual  examinations  were  made  later  at  15X  of  the  entire 
visible  exterior  surfaces  of  all  fatigue-tested  bellows,  and  this  was  found  to  be  the  pre¬ 
ferred  method  of  posttest  examination.  There  were  several  cases  in  which  the  soap- 
bubble  tests  gave  misleading  results,  despite  the  care  used  in  making  the  tests.  In  a 
few  cases,  fractures  were  observed  with  the  soap  solution  that  could  not  be  observed 
visually.  These  difficulties  occurred  on  the  1-inch  formed  Inconel  718  bellows,  which 
had  dull  gray-black  oxide  surfaces,  and  on  two  or  three  of  the  welded  bellows,  where 
the  convolution  geometry  prevented  good  observation.  In  these  cases,  locations  of  the 
fractures  were  confirmed  by  dye-penetrant  tests  in  which  the  dye  was  sprayed  on  the 
bellows  inner  surfaces  and  the  developer  was  sprayed  on  the  outside  surfaces.  Dye 
seeping  through  the  fractures  revealed  them  in  all  but  three  or  four  cases,  in  which 
pressure  had  to  be  used  to  force  the  dye  through  the  very  small  cracks.  The  fracture 
locations  and  lengths  are  summarized  in  Appendixes  L,  M,  and  N,  which  treat  the  fa¬ 
tigue  results. 

With  the  exception  of  two  corrosion- initiated  failures  and  possibly  some  failures  in 
formed-bellows  longitudinal  welds,  points  of  initiation  of  the  fatigue  fractures  could  not 
be  located  or  associated  v/ith  any  visual  or  microscopic  surface  features.  It  is  reassur¬ 
ing  that  the  minor  scratches,  nicks,  die  marks,  oxide  films,  stains,  etc,,  observed 
visually  did  not  contribute  to  failure,  since  their  entire  elimination  from  commercial 


P-14 


bellows  would  be  very  difficult.  Significant  details  of  the  fatigue  fractures  will  be  dis¬ 
cussed  for  each  group  of  test  bellows. 

Type  321  Stainless  Steel  Formed  Bellows.  With  three  exceptions,  the  fatigue  fail¬ 
ures  were  at  the  points  of  highest  stress  as  predicted  by  the  theory,  viz. ,  at  the  convolu¬ 
tion  roots.  The  remaining  three  failures  were  in  the  crowns.  Of  these,  two  were  small 
cracks  that  probably  initiated  in  the  weld.  The  third,  in  a  5-inch  bellows,  JD89,  was  at 
a  corrosion  pit.  A  similar  corrosion  failure  occurring  at  a  root  was  observed  in  an¬ 
other  5-inch  bellows,  JD98.  The  cause  of  the  corrosion  was  determined  to  have  been 
stress  corrosion  due  to  the  soap  solution.  The  5-inch  bellows  were  the  first  series 
tasted,  at  which  time  the  manometer  system  was  not  available  to  determine  which  of  the 
two  test  bellows  had  failed,  so  the  procedure  was  to  soap  both  bellows.  The  unfailed 
bellows  was  left  on  test  with  no  attempt  being  made  to  remove  the  soap.  This  procedure 
resulted  in  extensive  pitting.  Fortunately,  in  both  cases  where  this  occurred,  the  bel¬ 
lows  were  very  near  the  end  of  their  cycle  lives  before  the  bellows  in  the  other  test 
chamber  happened  to  have  failed,  so  there  was  no  noticeable  effect  on  the  fatigue  results 
obtained  from  JD89  and  JD98j  This  experience  is  cited  as  a  reminder  that  soaps  and 
detergents  cam  be  highly  corrosive  to  mechanically  stressed  stainless  steels,  and  that 
such  a  routine  procedure  as  using  soap  solution  repeatedly  during  a  bellows  test  may 
vitiate  the  test  results  by  introducing  an  extraneous  mode  of  failure. 

Figure  P-21  shows  a  typical  fatigue  fracture  in  a  1-inch  single-ply  Type  321  bel¬ 
lows.  Inclusibn  content  of  the  material  is  also  typical.  The  presence  of  two  parallel 
cracks  growing  from  the  bellows  inner  (convex)  surface  is  not  unusual  in  fatigue.  The 
fatal  crack  can  also  be  observed  to  have  branched  near  the  center,  of  material,  also  not 
unusual.  The  sudden  change  in  direction  of  the.  fatal  crack  might  have  been  passed  by 
without  comment  if  it  had  not  been  for  the  occurrence  of  an  unsuspected  condition  in  the 
root  of  the  adjacent  convolution,  shown  in  Figure  P-22,  Here  it  is  seen  that  there  were 
separate  fatigue  cracks  growing  from  both  the  inner  and  outer  surfaces.  The  change  iri 
crack  direction  in  Figure  P-21  was  in  all  likelihood  the  intersection  of  two  oppositely 
directed  cracks. 

It  was  observed  during  the  posttest  visual  examination  that  single-ply  bellows  failed 
at  a  single  convolution,  although  the  fractures  sometimes  appeared  to  be  composed  of 
smaller  cracks  that  had  linked  up  at,  or  just  prior  to,  failure.  The  presence  of  an  unde¬ 
tected  crack  such  as  the  one  in  Figure  P-22  suggests  that  there  were  probably  other 
cases  among  the  single -ply  bellows  where  more  than  one  convolution  was  very  near 
failure. 

The  presence  of  secondary  cracks  in  several  convolutions  of  the  outer  ply  of  the 
two-ply  bellows  was  very  common.  Some,  if  not  all,  of  these  cracks  were  entirely 
through  the  outer  ply.  Failures  were  at  the  one  point  in  each  bellows  where  both  the 
inner  and  outer  plies  had  fractured  at  the  same  location.  Rupture  of  the  outer  ply  over 
a  substantial  arc  (fractures  in  two-ply  bellows  were  significantly  longer  than  those  in 
single-ply  bellows)  may  have  increased  the  loading  on  the  inner  ply,  which  then  failed. 

The  prevalence  of  fatigue  fractures  in  the  vicinity  of  the  longitudinal  seam  welds  of 
the  3-inch  single-ply  Type  321  bellows  (Appendix  L,  Table  L-8)  suggests  that  there  was 
something  amiss  in  the  manufacture  of  this  series.  Failures  in  the  other  Type  321  bel¬ 
lows  showed  no  tendency  to  occur  in  any  fixed  relation  to  the  weld,  A  possible  cause  of 
the  localization  of  the  failures  in  the  3-inch  bellows  might  have  been  a  slightly  excessive 
amount  of  planishing,  since  there  was  nothing  about  the  appearance  of  the  welds  to  sug¬ 
gest  a  cause. 
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Inconel  718  Formed  Bellows.  With  one  exception,  JD120,  all  fatigue  failures  in 
the  Inconel  718  bellows  occurred  in  the  roots.  The  failure  in  JD120  was  a  small  crack 
or  hole  in  a  crown  not  associated  with  the  weld.  Since  the  cycle  life  of  the  bellows  fell 
within  the  range  of  bellows  having  normal  failures,  cause  of  the  crown  failure  was  not 
determined.  Fractures  in  the  Inconel  718  bellows  were  very-  similar  to  those  in  the 
Type  321.  bellows,  and  the  same  comments  apply. 


Type  347  Welded  Bellows.  There  were  three  failures  in  the  heat-affected  zones 
of  the  end- fitting  welds.  Out  of  a  total  of  18  failures  in  the  Type  347  welded-bellows 
test  items,  three  end-fitting  failures  is  probably  not  excessive.  Of  the  remaining  fail¬ 
ures,  13  were  in  outer  diameters  of  the  convolutions.  Only  two  failures  occurred  along 
inner  diameters,  and  both  of  these  were  in  the  smaller.,  1- 1/2-inch  bellows.  Three  of 
the  outer-diameter  failures  in  the  3-1/2-inc.h  bellows  were  through  the  weld  bead  itself. 
The  others  were  classified  as  heat-affected-zone  failures. 

A  photomicrograph  of  a  typical  failure  in  a  Type  347  welded-bellows  convolution 
weld  is  shown  in  Figure  P-23.  The  fracture  path  was  either  in  the  very  high- 
temperature  edge  of  the  heat-affected  zone  or  at  the  fusion  line.  A  comparison  of  this 
figure  with  Figure  P-17  shows  that  the  welds  were  very  similar.  Both  show  tails  of 
about  the  same  size.  There  is  no  evidence  of  any  deformation  associated  with  the  notch 
formed  by  the  incoming  diaphragms. 

Figure  P-24  shows  a  photomicrograph  of  one  of  the  three  fractures  through  the 
weld  beads.  It  is  obvious  from  the  configuration  that  there  was  insufficient  melting  to 
produce  an  adequate  weld  bead  in  this  case.  Failure  to  have  discovered  the  existence  of 
such  regions  of  reduced  burn-down  in  the  pretest  inspection  must  be  partly  attributed  to 
inexperience  of  the  inspecting  personnel,  but  it  is  also  true  that  inspection  of  these 
small  welds  is  difficult.  The  regions  might  have  been  discovered  if  the  15X  stereo  mi¬ 
croscope  used  in  the  posttest  inspection  had  been  used  on  the  pretest  inspection.  They 
would  not  have  been  discovered  on  either  inspection  if  they  had  been  on  the  inside  dia¬ 
meter.  Ca.use  of  the  regions  of  insufficient  burn-down  may  have  been  momentary  varia¬ 
tions  in  welder  power-supply  output,  an  increased  arc-path  length  due  to  radial  motion 
of  the  torch  or  the  welding  fixture,  or  slightly  undersize  diaphragms. 

A  limited  fractographic  study  was  conducted  on  several  of  the  fatigued  Type  347 
welded  bellows.  The  fractures  were  confirmed  to  be  due  to  fatigue.  Figure  P-25  shows 
a  photomicrograph  of  the  fracture  surface  of  bellows  JDI45,  a  heat-affected  zone  fail¬ 
ure.  The  fracture  surface  is  neatly  divided  into  two  zones  by  a  line  running  parallel  to 
the  diaphragm  surfaces  some  distance  from  the  presumed  neutral  axis.  The  larger 
portion  of  the  fracture  surface  was  the  zone  of  fatigue  fracture,  while  the  smaller  zone 
was  the  region  of  final  shear  fracture  that  occurred  at  the  termination -of  the  test,  pos¬ 
sibly  over  a  single  load  cycle.  This  change  in  fracture  mode  is  very  commonly  observed 
in  fatigue- specimen  fractures. 

The  nature  of  the  fractures  was  further  confirmed  using  electron  fractography. 
Replicas  of  a  similar  fracture  surface  of  Bellows  JD148  were  made  and  examined  in  the 
electron  microscope  at  much  higher  magnifications  than  are  possible  with  the  optical  mi¬ 
croscope.  Figure  P-26  shows  the  nature  of  the  fracture  in  the  fatigue  portion  of  the  frac¬ 
ture  surface.  The  striations,  or  "beach  marks",  are  characteristic  of  fatigue  fractures. 
They  are  caused  by  the  stopping  and  restarting  of  the  crack  that  takes  place  on  the  re¬ 
versal  of  the  load  cycles.  For  comparison,  a  portion  of  the  shear  fracture, region  is  shown 
in  Figure  P-27.  It  gives  the  impression  of  having  been  torn  apart,  which  in  fact  it  was. 
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The  beach  marks  visible  oh  the  fatigue  fracture  surface  were  found  to  be  parallel 
to  the  diaphragm  surface,  showing  that  the  fatigue  crack  propagated  perpendicularly 
across  the  diaphragm  thickness  rather  than  spreading  circumferentially  around  the  ou ;er 
diameter  from  one  pr  two  crack  nucleic  The  perpendicular  propagation  direction  is 
further  confirmed  by  the  demarcation  line  in  Figure  P-25,  which  shows  that  at  the  mo¬ 
ment  of  transition  to  the  shear  fracture  mode,  the  fatigue  crack  front  was  straight  and 
parallel  to  the  diaphragm  surface.  These  observations  explain  the  existence  of  very 
long  fractures  in  a  few  of  the  bellows  such  as  JD148.  If  the  crack  growth  had  been  cir¬ 
cumferential,  it  was  difficult  to  see  how  the  fracture  could  have  grown  so  large  without 
the  failure  detection  system's  having  shut  down  the  testing  machine  (see  Appendix  Q). 
Having  recognized  the  propagation  direction  of  the  fracture  to  be  perpendicular  to  the 
diaphragm  surface,  however,  it  is  clear  that  there  was  no  perforation  of  the  diaphragm 
until  the  moment  of  final  shear  fracture.  The  presence  of  a  long  fracture  under  such 
conditions  is  actually  a  sign  of  uniformity  of  manufacture  that  resulted  in  a  uniform 
stress  over  a  large  region  of  the  outer  diameter. 


AM-350  Welded  Bellows.  Of  the  eight  fatigue  failures  in  the  3-inch  AM-350  bel¬ 
lows,  five  occurred  in  end-fitting  welds,  one  in  an  outer-diameter  weld,  and  two  in 
inner-diameter  welds.  In  the  1-1/2-inch  AM-350  bellows,  there  were  three  end-fitting 
weld  failures,  one  outer-diameter-weld  failure,  and  six  inner-diameter-weld  failures. 
All  failures  appeared  to  have  taken  place  in  the  heat-affected  zones,  although  this  is  not 
absolutely  certain  in  five  of  the  cases.  In  these  five,  the  fractures  were  too  small  and 
too  inaccessible  to  flex  the  diaphragms  to  reveal  the  exact  crack  location.  There  were 
no  fractures  through  weld  beads  in  the  AM-350  bellows,  however. 

Absence  of  fractures  through  the  weld  beads  correlates  with  the  excellent 
convolution-v/eld  uniformity  in  these  series  of  bellows  that  was  noted  in  the  pretest  in¬ 
spection.  The  frequency  of  failures  in  the  end- fitting  welds  was  not  expected.  A  cross 
section  of  a  typical  end-fitting-weld  failure  is  shown  in  Figure  P-28.  Failure  was  at  or 
near  the  edge  of  the  fusion  zone.  Figure  P-29  is  an  enlarged  view  of  the  end-fitting  weld 
shown  in  Figure  P-16  and  is  typical  of  several  such  undamaged  end-fitting  welds  exam¬ 
ined  in  both  sizes  of  AM-350  welded  bellows.  One  feature  of  the  end- fitting  welds  that 
was  not  observed  in  the  AM-350  convolution  welds  is  a  narrow  band  of  enlarged  grains 
in  the  diaphragm  just  at  the  edge  of  the  weld  bead.  A  hardness  traverse  of  the  end¬ 
fitting-weld  cross  section  of  Figure  P-28  is  plotted  in  Figure  P-20,  It  shows  that  the 
band  of  larger  grains  had  lower  hardness  than  was  typically  observed  in  convolution  weld 
traverses  (KHN  417),  It  is  possible  that  this  soft  zone  was  incapable  of  strain-hardening 
sufficiently  on  cycling  to  prevent  localization  of  the  fractures  there.  Presence  of  the 
zone  of  grain  growth  in  the  end-fitting  welds  but  not  in  the  convolution  welds  may  have 
been  associated  with  the  higher  heat  input  necessary  to  burn  down  the  relatively  thick 
end-fitting  section  and  the  relatively  poor  heat  sinking  between  the  diaphragm  and  the 
warm  end- fitting  mass. 


Diaphragms,  Visual  examination  of  the  diaphragms  after  testing  to  failure  con¬ 
firmed  that  all  of  the  failures  obtained  at  relatively  low  strain  levels  occurred  at  the 
inner-diameter-weld  heat-affected  zone.  Figure  P-30  shows  that  the  nature  of  the  frac¬ 
tures  did  not  differ  from  similarly  located  failures  in  welded  bellows.  Diaphragm 
JD182,  which  had  been  tested  at  a  high  strain  level,  failed  by  fatigue  in  the  trough  of  a 
center  corrugation  (Dimension  S  in  Figure  P-8),  There  were  no  unusual  or  unexpected 
features  in  the  diaphragm  failures. 
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TABLE  P-1.  MAJCR  MEASURED  BET., LOWS  DIMENSIONS 


Dimension 


Method 


Remarks 


Nondestructive  Measurements  fall  Items) 


Outside  Diameter  Micrometer 


Indide  Diameter  Micrometer;  Optical 

Comparator  (Ex-Cell- 0 
Model  14-808  Contour 
Projector) 


Inside  micrometer  was  used  on  formed 
bellows.  Comparator  was  used  on  3- 
l/2- inch  type  34?  welded  bellows. 
Other  welded  bellows  could  not  be 
measured. 


Pitch  Optical  Comparator,  10X  — 

Bellows  Length  Optical  Comparator,  10X  Note  that  length  measurements  for 

formed  bellows  were  from  crown  to  crown 
and  are  not  the  free  bellows  length. 

Outer  Torus  Optical  Comparator  and  Formed  bellows  only. 

Radius  Radius  Temp]. ate  Trans¬ 

parencies,  50X 

Flange  Thickness  Micrometer 

Corrugation  Diam-  Optical  Comparator,  Used  in  reflection  mode, 

eter  (Diaphragm)  10X 


Corrugation  Height  Metallurgical  Micro-  Focused  successively  on  tops  and 

(Diaphragms)  scope;  4-mm  Objective  bottoms  of  corrugations. 


Destructive  Measurements  (Mounted  Cross  Sections) 


Convolution  Shape  Microhardness  Tester;  Locations  of  hardness  impressions  made 

Microscope;  X-Y  Stage  along  convolutions  were  measured. 


Wall  Thickness  Microscope;  Vickers  Thickness  measurements  were  at  loca- 

Image-Splitting  tions  of  hardness  impressions. 

Measuring  tyepiece 


Hardness 


Microhardness  Tester 


Hardness  impressions  made  to  determine 
convolution  shape  were  read. 


TASKS  ?-2-  DIMENSIONS  (S'  5-BKH,  1-H.Y,  TYPE  321  3TAINLESS  STEEL  FORMED  aBSOWS 


CUt  Bide  Diameter 

Inside  Disaster 

Outer  Torus  Radius 

.  „  Pitch 

Bellows  Length 

Bellows 

Std. 

No.  of 

Std.  ' 

No.  of 

Std. 

No.  of 

Std. 

No.  of 

-  Std. 

No.  of 

No. 

Mean  Dev. 

Cbserv. 

.  Mean  Dev. 

Cbserv. 

Mean  Dev. 

Observ. 

Mean  Dev. 

Cbserv. 

Mean  Dev. 

Cbserv. 

JD87 

5.7367  0.0103 

24 

4.9893  0.0059 

22 

0.0657  0.0009 

21 

0.3467  0.0312 

20 

3.8023  0.0020 

4 

JD88 

5,7144  0.0128 

24 

4,9881  0.0057 

22 

C.0659  0.0007 

21 

0.3544  0.0303 

20 

3.7865  0.0570 

4 

JD69 

5.6993  0.0102 

12 

4.9735  0.0080 

10 

0.0770  0.0009 

6 

0.3454  0.0081 

5 

3.7508  0.0332 

4 

JDSO 

5.7070  0.0064 

24 

4.9835  O.C053 

22 

0.0765  0.0012 

6 

0.3470  0.0014 

5 

3.8068  0.0265 

4 

JB91 

5.7023  O.OO89 

12 

4.9860  0.0040 

10 

0.0778  0.0008 

6 

0.3450  0  X033 

5 

3. 8168' 0.0176 

4 

JD92 

5.7043  0.0089 

12 

4.9827  O.CO56 

10 

0.0760  6.0006 

6 

0,3385  6.0118 

15 

3.8000  0.0179 

4 

JD93 

5.704?  0.0054 

ik 

4,9793  0.0056 

22 

0.0755  0.0014 

6 

0.3286  0.0063 

5 

3-5775  0.0364 

4 

JE94 

5.7054  0.0149 

12 

4.9813  0.0066 

10 

0.0767  0.0C14 

6 

0.3412  0.0122 

5 

3.7685  0.0219 

4 

JD95 

5.7058  0.0199 

12 

4.9829  0.C091 

10 

0.0763  0.0012 

6 

O.325O  0.0310 

5 

3.7283  0.0243 

4 

JD96 

5.7026  0.0160 

12 

4.9816  0.CO59 

10 

0.0767  0.0010 

6 

0.3386  0.0114 

5 

3.8013  0.0151 

4 

J297 

5.7090  0.0099 

12 

4.9847  0.0037 

10 

0.0773  0.0010 

6 

0.3408  0  X075 

5 

3.7695  0.0176 

4 

JD?S 

5.7057  O.OO58 

12 

4.9835  0.0033 

10 

0.0770  0.CO18 

6 

0.3364  0.0092 

5 

3.7688  0.0238 

4 

Total  Observations 

192 

168 

102 

ICO 

48 

Mean  Standard 

Deviation,  s 

0.01U 

0.0058 

0.0010 

0.0223 

0.0277 

Standard  Deviation 

of  Means,  Oj. 

0.0049 

0.0042 

0.0043 

0X08: 

L 

0X634 

Grand  Mean,  X 

5.7064 

4.9030 

0.0749 

0.3406 

3.7473 

Variance  Ratio,  F 

<1 

<1 

18.49 

<1 

5.24 

Significance  level, 
percent 

N.S. 

99 

11.  s. 

99 

(a)  No  statistically  significant  difference. 

TABLE  P-3.  DIMENSIONS  OF  3-INCH,  1-PLY,  TYPE  321  STAINLESS  STEEL  FCRMED  BELLOWS 

Outside  Diameter 

Inside  Diaceter 

Outer  Torus  Radius  Pitch 

Bellows  Length 

Bellows 

Std. 

No.  of 

Std. 

No.  of 

Std. 

No.  of  Std. 

Ho.  of 

Std. 

No.  of 

Nc. 

Mean  Dev. 

Cbserv. 

Mean  Dev. 

Cbserv.  Mean  Dev. 

Observ.  Mean  Dev, 

Cbserv.  Mean  Dev. 

Observ. 

JD6l 

3.6360  O.OO89 

12 

3.0118  0.0076 

6 

0.0380  0.0014 

4  0.1963  O.OOoO 

3 

1.7575  o.co4o 

4 

JD62 

3.6413  0.0072 

12 

2.9375  0.0043 

6 

0.0383  0.0013 

4  0.2163  0.0040 

3 

1.S040  0.0148 

4 

JD63 

3.6340  0.0057 

12 

2.9820  0.0036 

6 

0.0393  0.0025 

4  0.2050  0.0078 

3 

1.6183  6.0373 

4 

.JD64 

3.6418  0.0088 

12 

2.9938  0.0038 

6 

0.0380  0.0008: 

4  0.2060  0.0164 

3 

1.8593  0.0100 

4 

JD65 

3.6388  0.0109 

12 

2.9952  0.0033 

6 

0.0380  O.COC8 

4  0.2170  0.0070 

3 

1.9125  0.0152 

4 

JD66 

3-6377  0.0052 

12 

2.9913  O.CGjl 

6 

0.0385  0.0006 

4  0.2147  0.0064 

3 

1.9383  0.0165 

4 

JDo? 

3.6377  O.OO09 

12 

2.9963  0.0084 

6 

0x380  0.0008 

4  0.2083  0.0091 

3 

1.8878  0.0188 

4 

JD6S 

3.6436  0.0138 

12 

2.9833  0.0054 

6 

0.0383  0.00)2 

4  0.2090  0.0039 

3 

1.8280  0.0264 

4 

JD69 

3.6476  0.0021 

8 

2.9900  0.0026 

6 

0.0378  0.0005 

4  0.2070  0.0024 

3 

1.81(78  0.0059 

4 

JD70 

3.6430  0.0028 

0 

2.9862  0.0031 

6 

0.0383  0.0009 

4  0.2123  0,006l 

3 

1.8960  0.0009 

4 

JDT1 

3.6301  0.0044 

8 

2.9925  0.0029 

6 

0.0373  0.0005 

4  0.2133  O.OO65 

3 

1.9135  0.0152 

4 

JV12 

3.6336  0.0050 

8 

2.9902  0.0024 

6 

0.0365  0.0003 

4  0.2197  0.007^ 

3 

1.9480  0.0223 

4 

Total  Observations 

128 

72 

43 

36 

48 

Mean  Standard 

Deviation,  5 

0X079 

0.0046 

0.0011 

0x077 

0.0184 

Standard  Deviation 

of  Means, 

0X049 

0.0074 

O.OCoC 

0.c:,65 

0.0555 

Grand  Mean,  X 

3-6387 

2.9971 

0.0380 

0.2104 

1.8759 

Variance  Ratio,  F 

<  1 

2.59 

<  3 

<  1 

y.10 

Significance  Level, 

percent 

H.S.W 

99 

N.S. 

N.S, 

99 

(e)  Ho  -.tat  (otic-illy  significant  difference. 
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TABLE  P-4.  DDCHSIOSS  CP  3-UCH,  2-PUT,  TYPE  321  SSOKESS  STEEL  FCBMED  WLLOiS 


Outside  Diameter  Inside  Diameter 

Outer  Torus  Radius 

Pitch 

Bellows  Length  . 

Bellows 

Std. 

No.  of  Std. 

Ho.  of 

Std. 

*0.  of 

Std. 

>0.  of 

Vo*  of 

Ho. 

Mean  Dev. 

Cbserv.  Mean  _  Dev. 

Cbserv. 

.  .Mean  Dev.  . 

Cfcaerv. 

Mean  Dev. 

Obserr. 

Mean  Dev. .. 

Obatrir. 

JBT3 

3.6183  0.0031 

8  2.9737  0;0034 

6 

0.0370  0.0008 

4 

0.2160  0.0009 

3 

1.9563  0.0185 

4 

JDT4 

3.6175  0.C020 

8  2.9728  0.0027 

6 

0.0395  0.0020 

4 

0.2167  0.0015 

3 

1.9218  0.0344 

4 

JDT5 

3.6225-0:0028 

8  2.9690-0:0035 

6 

0.0388  0.0005 

4 

0.2120  0.0040 

3 

1.9085  6.0091 

4 

J VJ6 

3.6196  0.0034 

8  2.9747  0.0031 

6 

0.0368  0.0005 

4 

0.2143  0.0040 

3 

1.9273  0.0112 

4 

sm 

3.6185  0.0030 

8  2.9720  0.0039 

6 

0.0368  0.0005 

4. 

0.2123  0.0094 

3 

1.9155  0:0119 

4 

m3 

3.6203  0.0021 

8  2.9717  0.0040 

6 

0.0375  0.0006 

4 

0.2100  0.0034 

3 

1.9400  6.0215 

4 

JD79 

3.6181  0.0073 

6  2.9685  0.0033 

6 

0.0453  0.0009 

4 

0.2137  0.0045 

I 

1.992?  0.0251 

4 

JD0O 

3. 6403  0.0035 

8  2.9657  0.0043 

6 

0.0493  0.0009 

4 

0.2183  6.0049 

3 

1.9195  0.0513 

4 

JD01 

3,6170  0.0053 

8  2.9740  0.0034 

6 

0.0403  0.0013 

4 

0:2130  0.0017 

3 

1.9210  0.0037 

4 

JD02 

3.6193  0.0026 

6  2.9717  0.0033 

6 

Q.0380  0.0008 

4, 

0.2130  0.0029 

3 

1.9350  0.0074 

4 

JB83 

3.6163  0.0038 

8  2.9727  0.0036- 

6 

0.0360  0.0000 

1, 

0.2113  0.0011 

3 

I.9223  0.0468 

4 

JD84 

3.6206  6.0024 

8  2.9737  6.0045 

6 

0.0383  0.0004 

4 

0.2193  0.0012 

3 

1.9493  6:0169 

4 

Total  Observations 

96 

72 

48 

36 

48 

Mean  Standard 

Deviation,  s 

0.0037 

0.0036 

0.0009 

o.oo4o 

0.0261 

Standard  Deviation 

of  Means,  sg 

0.0064 

0.0027 

0.0039 

0.0026 

0.0227 

Grand  Mean,  X 

3.6207 

2.9717 

0.0395 

0.2142 

1.9336 

Variance  Ratio,  F 
Significance  Level, 

2.99 

<1 

(a) 

18.74 

<  1 

<  1 

per  c  err 

99 

H.S. 

99 

H.S. 

N.S. 

(a)  Ho  statistically  significant  difference. 

TABLE  P-5. 

DIMENSIONS  OF  1-IK3H,  1-PLY  TYPE  321  STAINLESS  STEEL  FCBMED  BELLOWS 

Outside  Diameter 

Inside  Diameter  CXrter  Torus  Radius 

Pitch 

Bellows  Length 

Bellows 

Std. 

Ho.  of 

Std. 

No.'  of  Std. 

Ho.  of 

Std. 

Ho.  of 

Std. 

He.  of 

Ho. 

Mean  Dev.. 

(bserv. 

Mean  Dev, 

Cbserv.  Mean  Dev. 

Observ. 

Mean  Dev. 

Observ. 

Mean  Dev. 

Cb3erv. 

JD23 

1.3384  0.0049 

8 

0.9763  O.OOV7 

6  O.C295  0.0009 

6 

0.1204  0.0019 

5 

0.9593  O.OOSO 

4 

JD24 

1.3473  0.0049 

8 

0.9748  0.0022 

6  0.0323  0.0008 

6 

0.1338  0.0029 

5 

0.9328  0.0039 

4 

JD25 

1.3330  0.0048 

8 

0.9780  0.0041 

6  0.0289  0.0010 

6 

0.1306  0.0029 

5 

0.9280  6.0066 

4 

JD2b 

1.3330  0.0049 

8 

0.9788  0.0039 

6  0.0297  0.0008 

6 

0.1298  0.0011 

5 

0.9255  0.0113 

4 

JD27 

1.3329  0.0026 

8 

0.9743  0.0036 

6  0.0292  0.0003 

6 

0.1330  0.0044 

5 

0.9435  0.0044 

4 

jue8 

1.3331  0.0026 

8 

O.S770  0.0018 

6  0.0305  0.0009 

6 

0.1318  0.0058 

5 

0.9448  0.0113 

4 

JDS9 

3.3295  0.0045 

8 

0.9775  0.0058 

6  0.C292  0.0014 
6  0.0308  0.0014 

6 

0.1260  0.0165 

5 

O.8860  0.0016 

4 

JD30 

1.3330  0.0074 

8 

0.9797  0.0057 

6 

0.1316  0.0011 

5 

0.9010  0.0164 

4 

JD31 

1.3310  0.0034 

8 

0.9753  0.0022 

6  0.0297  0.0013 

6 

0.1298  0.0051 

5 

0.8440  0.0149 

4 

JD32 

1.3295  0.0037 

8 

0.9710  0.0014 

6  0.0262  0.0008 

6 

0.1170  0.0053 

5 

0.9400  0.0093 

4 

JD33 

1.3318  0.0031 

8 

0.9773  0.0031 

6  0.0302  0.C008 

6 

0.1264  0.0022 

5 

0.9215  0.0138 

4 

JD34 

1.3337  0.0031 

8 

0.9793  0.0025 

6  0.0297  0.0018 

6 

0.1114  0.0050 

5 

O.7930  0.0150 

4 

Total  'Observations 

96 

72 

72 

60 

48 

Mean  Standard 

Deviation,  i 

0.0043 

0.0037 

0.0011 

0.0060 

0.0107 

Standard  Deviation 

of  Means, 

0,0048 

0.0025 

0.0028 

0.0071 

0.0482 

Grand  Mean,  X 

1.3339 

0.9766 

0.0291 

0.1260 

0.9100 

Varience  Ratio,  F 
Significance  Level, 

1.25 

l 

6.48 

i.4o 

20.3 

percent 

H.S. 

H.S. 

99 

H.S. 

99 

(a)  Ho  statistically  significant  difference. 


TABLE  P-6.  DIMENSIONS  CP  1-XNCH,  2-H.Y  TYPE  321  STAINLESS  Sim  KBMBB  BELLOWS 


Out  stag  Diameter _ Inside  Diameter  Outer  Torus  Radius  Pitch  Bellows  length 

Bellows  Std.  Rs.  of  Std.  No.  of  §E5T  Bo.  of  StdT  feq.  o J  "  StdT  fcT  of 

Mean  Dev.  Observ.  Mean  Dev.  Observ.  Mean  Dev.  Cbserr.  Mean  Dev.  .Observ.  Mean  Dev.  Observ 


JD11  1.3406  0.0037 
jD12  1.3226  0.0037 
JD13  1.3433  0.0018 
JD14  1.341*0  C.C015 

JB15  1.3473  0.0032 
JD16  1.3525  0.0026 

JEL7  1.3524  0.0031 
JD18  1.3469  0.0018 
JD19  1.3470  0.0028 
JDBO  1.3465  0.0015 
JD21  1.3448  0.0021 
JDE2  1.3468  0.0018 


8  0.9742  0.0030 

8  0.9677  0.0062 

8  0.9767  0.0027 

8  0.9722  0.0019 

8  0.9767  0.0022 

8  0.9748  0.0626 

8  0.9773  0.0021 

8  0,9756  0.0015 

8  0.9757  0.0024 

8  0.9760  0.0016 

8  0.9787  0.0015 

8  0.9736  0.0024 


0.0323  0.0009 
0.0313  0.0014 
0.0337  0.0012 
0.0330  0.0019 
0.0327  0.0005 
0.0327  0.0004 
0.0327  0.0012 
0.0322  0.0008 
0.0308  0.0008 
0.0316  0.0004 
0.0323  0.0010 
0.0320  0.0015 


0.1294  0.0048  5 
0.1304  0.0049  5 
0.1342  0.0088  5 
0.1328  0.0041  5 
0.1336  0.0059  5 
0.1255  0.0027  5 
0.1344  0.0064  5 
0.1336  0.0025  5 
0.1316  0.0040  5 
0.1274  0.0046  5 
0.1358  0.0037  5 

0.1316  0.0029  5 


0.9017  0.6130  3 
0.9180  0.011T  4 
0.9408.0.0068  4 
0.9338  0.0069  4 
0.9465  0.0149  i* 
0.8853  0.0079  4 
0.9605  0.0087  4 
O.9293  0.0035  4 
0.9268  0.0080  4 
6.9058  0.0051  4 
0.9555  0.0084  4 
0.92350.0058  4 


Total  Observations 

96 

Mean  Standard 
Deviation,  s 

0.0025 

Standard  Deviation 
of  Means,  Sg 

0.0077 

Grand  Kean,  X 

1.3447 

Variance  Ratio,  F 

9.49 

S*T.ilficance  Level, 
percent 

99 

72 

72 

0.0028 

0.0011 

0.0029 

0.0008 

0.9749 

0.0328 

I.07 

<  1 

N.s/a) 

N.S. 

60 

47 

0.0051 

0.0088 

0.0031 

0.0223 

0.1317 

0*9273 

<  1 

6.42 

N.S. 

99 

(a)  No  statistically  significant  difference. 

TABLE  P-7.  DIMENSIONS  CO?  3-INCH,  1-PLY  INCONEL  718  FORMED  BELLCW3 


Bellows 

No. 

Outside  Diameter 
Std.  No.  of 
Mean  Dev.  Observ. 

Inside  Diameter 

Std.  No.  of 
Mean  Dev.  Observ, 

Outer 

Mean 

.TD119 

3.4877  0.0137 

3 

3f 0370  0.0087 

3 

0.0300 

JD120 

3.5047  0.0058 

3 

3.0393  0.0050 

3 

0.0317 

JD121 

3.4870  O.OOSO 

3 

3.0340  0.0017 

3 

0.0302 

JD122 

3.4977  0.0021 

3 

3 .0407  0. 0(9*0 

3 

0.0298 

JD123 

3.4877  0.0127 

3 

3.0343  0.0015 

3 

0.030-2 

JD124 

3.4917  0.0093 

3 

3.0373  0.C021 

3 

0.0315 

JD125 

3.4943  0.0035 

3 

3.0453  0.0015 

3 

0.0300 

JD126 

3.4960  0.0010 

3 

3.0283  0.0035 

3 

0.0297 

JD127 

3.4877  0.C0T8 

3 

3.0370  0.0046 

3 

0.0302 

JD128 

3.4887  0.0180 

3 

3.0383  0.0038 

3 

0.0297 

JDl'29 

3.4930  0.0044 

3 

3.0360  0.0035 

3 

0.0322 

7D130 

3.4807  0.0025 

3 

3.0403  0.0038 

3 

0.0288 

Total  Observations 

36 

36 

Mean  Standard 
Deviation,  s 

0.0091 

0.0041 

Standard  Deviation 
of  ikons,  Sg 

O.OO63 

0.0042 

Grand  tfcan,  X 

3.4914 

3-0373 

Variance  Ratio,  F 

<  1 

1.05 

Significance  Level, 
percent 

N.S.^ 

N.S. 

Torus .Radius  Pitch _  Bellows  Length 

Std.  No.  of  Std.  No.  of  StdT  No.  of 

Dev.  Observ,  Mean  Dev.  Observ.  Mean  Dev.  Cbserv. 

0.0013  6  0.1523  O.OO69  3  1.8853  0.0194  4 

0.0025  6  0.1503  0.0071  3  1*8863  0.0115  4 

0.002b  6  0.1527  0.0119  3  1.9023  0.0100  4 

0.0031  6  0.1500  0.0175  3  1.9043  0.0337  4 

0.0018  6  0.1613  0.0184  3  1.9383  0.0121  4 

0.0019  6  0.1520  0.0165  3  1.8973  0,0107  4 

0.0024  6  0.1570  0,6113  3  1.8550  0.0196  4 

0.0010  6  0.1570  0.0157  3  1.9270  0.0058  4 

0.0019  6  0.146?  0.0021  3  1.9248  0.0151  4 

0.0020  6  0.1493  0.0021  3  1.9115  0.008S  4 

0.0026  6  0.1557  0.0160  3  1.9258  0.0126  4 

0.0005  4  0.1523  o.oc4o  3  1.9063  0.0014  4 


70 

36 

48 

0.0021 

0.0123 

0.0155 

0.0010 

0.0040 

0.0229 

0.0303 

0.1531 

1,9054 

<  1 

<  1 

2.18 

N.S. 

N.S. 

95 

(a)  No  statistically  significant  difference. 


P-21 


TABLE  P-3.  MMEHSICBS  <7  1-HCH,  1-PLT  DCCKEL  718  KRKED  B02.CK8 


- 

Outside  Diameter 

Inside  Diameter. 

Outer  Torus  Radius 

Pitch. 

- 

.Bellows  Length 

Bellows 

Std. 

Ko.  of 

Std. 

Bo.  cf 

Std. 

So.  0 1 

Std. 

Laga 

8td7^ 

Ko.  or 

HOr 

Mean  Dev. 

Observ. 

Mean  Dev. 

Cbserv. 

Observ. 

Mean  Dev. 

Observ. 

Mean  Dev. 

Observ. 

mo? 

1.2355  0.0007 

2 

1.0116  0.0000 

3 

0.0237  0.0009 

6 

0.0753  0.0021 

3 

1.1422  0.0106 

k 

jmo8 

1.2370  0.0014 

2 

1.0093  0.6015 

3 

6.0240  0.0015 

6 

0.0783  6.0045 

3 

1.1558  O.OC68 

4 

JDS.09 

1.2365  0.0007 

2 

1.0100  0.0026 

3 

O.C233  0.0020 

6 

0.0757  0.0006 

3 

1.1525  0.0158 

4 

JDUO 

1.2380  0.0014 

2 

1.0110  0.0000 

3 

0.0242  0.0014 

6 

0.0787  0.0029 

3 

1.1638  0.0048 

4 

JDlll 

1.2365  0.0035 

2 

1.0123  0.0632 

3 

0.0245  0.0022 

6 

0.0757  0.0094 

3 

1.1348  0.0048 

4 

JD112 

1.2365  0.0021 

2 

1.0063  6.0012 

3 

0.CC48  0.0022 

6 

6.0743  0.0091 

3 

1.1273  0.0211 

4 

JDU3 

1.2325  0.0007 

2 

1.0103  0.0006 

3 

0.0233  0.0020 

6 

0.0787  o.ooi5 

3 

1.1655  0.0097 

4 

jnu4 

1.2365  0.0021 

2 

1.0107  0.0025 

3 

0.0252  0.0025 

6 

0.0807  0.0045 

3 

1.1705  0.0132 

4 

JKL15 

1.2335-0.0007 

2 

1.0103  0.0015 

3 

0.0249  0.0028 

6 

0.0790  0.0020 

3 

1.1635  o.oo46 

4 

JK116 

1.23U5  0.0021 

2 

1.0110  0.0000 

3 

0.0240  0i0013 

6 

0.0733  V.0036 

3 

1.1215  0.0087 

4 

JEU7 

1.2365  0.0007 

2 

1.0073  0.0035 

3 

0.0242  0.0019 

6 

0.0760  0.0017 

3 

1.1513  0.0062 

4 

JDllS 

li2350  0.0000 

2 

1.0113  0.0040 

3 

0i0252  0.0016 

6 

0.0797  0.0031 

3 

1.1568  0.0194 

4 

Total  Observations 

24 

36 

72 

36 

48 

Mean  Standard 

Deviation,  s 

0.0016 

0.0020 

0.0019 

o.oo46 

0.0119 

Standard  Deviation 

of  Means,  Sj 

0.0016 

0.0017 

6.0006 

0.0023 

0.0158 

a 

Grand  Mean,  X 

1.2357 

1.0101 

0.0243 

0.0771 

1.1504 

Variance  Ratio,  F 
Significance  Level,. 

1.00 

N.S.^ 

<  1 

<  1 

<  1 

1.76 

percent 

N.S. 

N.S. 

N.S. 

N.S. 

(a)  He  statistically  significant  difference. 


TABLE  P-9.  DIMENSIONS  CP  3-1/2-INCH  FIFE  3^7  STAINLESS  STEEL  WELDED  BELLOWS 


Outside  Diameter  Inside  Diameter  Pitch  .  Bellows  Length 

Bellows  Std.  Ho.  of  Std.  No.  of  5tdi  No.  of  No.  of 


No. 

Mean 

Dev. 

Observ. 

Mean 

Dev. 

Observ,  Mean^ 

Dev. 

Observ. 

Mean 

Dev. 

Observ. 

JD131 

3.5986 

0.0022 

5 

2.815 

. 

1 

0.0552 

0.C053 

5 

0.4220 

0.0055 

4 

JD132 

3-5990 

0.0019 

5 

2.818 

- 

1 

0.0556 

0.0051 

5 

0.4158 

0.0015 

4 

JD133 

3.5998 

0.0032 

5 

2. 8l6 

- 

1 

6.0566 

0.0027 

5 

0.4253 

0.0017 

4 

JD135 

3.5978 

0.0021 

5 

2.813,  . 

•v 

1 

0.0632 

0.0034 

5 

0.4213 

o.oo4o 

4 

JD136 

3.6030 

0.0029 

4 

r  996(a) 

- 

1 

0.0592 

0.0044 

5 

0.4213 

0.0040 

4 

JD137 

3.5986 

0.0021 

5 

815 

- 

1 

0.0510 

0.0053 

5 

0.4253 

0.0015 

4 

JD138 

3.5982 

0.0025 

5 

2.816 

- 

1 

0.0492 

0.0019 

5 

0.4235 

0.0021 

4 

JD139 

3.5982 

0.0023 

5 

2.814 

- 

i 

0.0516 

0.0037 

5 

0.4225 

0.0013 

4 

JD140 

3.5986 

0.0016 

5 

2.814 

- 

1 

0.0510 

0.0031 

5 

0.4230 

0.0028 

4 

JD141 

3.5988 

0.0020 

5 

2.815 

- 

1 

0.0540 

0.0061 

5 

o.4i45 

0.0013 

4 

JD142 

3.5962 

0.0019 

5 

2.813 

- 

1 

0.0486 

0.0040 

5 

0.4050 

0.0031 

4 

Total  Observations 

54 

11 

55 

44 

Mean  Standard  Deviation, 
s 

0.0023 

- 

0.0043 

0.0029 

Standard  Deviation  of 

0.0044 

0.0060 

Means,  Sr> 

0.0009 

0.0015 

a 

Grand  Mean,  X 

3.5983 

2.8149 

0.0541 

0.4200 

Variance  Ratio,  F 

<  1 

- 

1.05 

4.26 

Significance  Level, 

N.S.<b> 

N.S. 

99 

percent 


(a)  Measurement  apparently  in  error.  Discarded  in  calculation  of  grand  mean. 

(b)  Mo  statistically  significant  difference. 


P-22 


&■£  mc.  mwk<xs  cr  14/mm  Tm  y*->  wnw  m. 

•JEUBfiSJLOiS 


ScUom* 

Vo. 

HMI 

El” 

K7H 

(kurr 

Mear 

5ii.  li.  ‘sr 

9tf.  -  Chaarr. 

to* 

■  -  ^ 

L3Ei 

n?sl 

•ram 

1.557* 

c.0015 

5 

C.0395 

0.00*6 

6 

o.?23* 

0.0*7 

k 

JtttU 

1.5616 

0.0015 

5 

O.CAtT 

0^c55 

6 

0.367s 

o.oi*> 

vT»V5 

1.5612 

0.0039 

5 

c.o— s 

0.«3> 

6 

0.3333 

0.0*60 

V 

JE46 

1.56U 

-O.OCJO 

c 

0^400 

0,0165 

6 

0.3173 

0.0061 

6 

jmv7 

1.5610 

0.C02O 

5 

c.03*? 

0.0071 

6 

0.3006 

0.011* 

4 

Jttl 8 

3.56> 

0.0019 

5 

0.0443 

0.006s 

6 

0.336* 

0.0090 

1 

JBlkJ 

1,5616 

0.0016 

5 

o.oioe 

0.0012 

6 

0.305* 

0.0100 

4 

JK-50 

1-5590 

0.00)9 

5 

o.c-13 

0.0073 

6 

0-3333 

0.0153 

JB15I 

1.5616 

0.0C30 

5 

0.5A50 

6.M?i 

5 

0.335* 

0.C1T1 

V 

J»52 

1.5652 

0.0022 

5 

0.C.J9 

0.0C6? 

0.3295 

0.00* 

1 

JD153 

1.5£i6 

C.0C18 

5 

C.C>4*6 

0.004.1 

5 

0.3686 

0.0C6* 

V 

JX&5* 

1.565 6 

0.0*1 

5 

6.0*36 

0,X?2 

5 

0.3930 

0.0095 

V 

Total  CbMmt'.oei 

60 

70 

4« 

Mnc  dtandard 
Deviation,  1 

0.0023 

0.0064 

0.0157 

VtMdvd  Drriatioe 

of  Means,  aj 

C.0C22 

0.0625 

o.oe64 

Mhi,  £ 

1.5617 

^.0626 

0.55a 

Variance  datlo,  t 

<  l 

<  1 

2.03 

Significance  Level, 
percent 

x.s>> 

*.f. 

99 

(a)  Vo  statistically  significant  difference. 


tamx  p.n.  DixcasicKS  cr  i-:*n  ax-^o  velwd  mlums 


Vellova 

Vo. 

Outside  Dlaaetcr 

Pitch 

Velloira  Length 

Mf*n 

St  4. 
Dev. 

JT/Tcf 

Cbserv 

.  Mean 

Std. 

Dev. 

Vs.  nT 
Cfcvrv 

Mean 

^ftT.  *>7of 
tar.  Obaerv. 

JD155 

2.?k* 

0.CC15 

5 

0.0373 

0.0051 

6 

0.3003 

0.0030 

4 

J0156 

2.9334 

«.mi< 

5 

0.03*7 

0.0047 

6 

0,3020 

0.0014 

4 

CTJ157 

2.9334 

0.001$ 

5 

0.0365 

0.0050 

6 

0.2$15 

0.0013 

4 

Jtass 

2.9404 

0.0032 

5 

0.0390 

0.0030 

6 

0.3020 

0.0008 

4 

JD159 

•2.9422 

0.C029 

5 

O.OiT2 

0.0034 

6 

0.3005 

0.0013 

4 

jz>i6o 

2.9390 

0.0035 

5 

0.03*5 

0.0533 

6 

0.3048 

0.0015 

4 

JD161 

2.9334 

0.0021 

5 

0.0370 

0.0043 

6 

0.3021 

0.0051 

4 

J016S 

2.9392 

0.002* 

5 

0.0363 

0.0023 

0 

0.2995 

0.0060 

4 

jm63 

2.9426 
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60 

r< 

48 
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Deviation,  a 

O.W23 
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of  Meant* 
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2.5*05 
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Variance  Patio,  P 
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<  t 
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Significance  level, 
percent 

N.S>> 

N.S. 

99 

(a)  No  atatittleally  significant  differed*. 
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72 
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<  /Viv3 
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Grand  Mean,  X 
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0.2C^2 

Varlanc*  Ratio,  T. 

<  l 

<  1 

43.O 

Sfgnlflcaj^*  Uv^, 
percent 

W 

{*>  Ko  *t%M*ti**Uy 
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TABLE  P-13 .  DIMENSIONS  OF  4-INCH  DIAPHRAGMS 
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SAMPLE  VISUAL  EXAMINATION  RECORD  SHEET 


Otitsr  Torus 
Radius,  b0 


8.  Convolution  Dstoils 

FIGURE  P-2,.  NOMENCLATURE  FOR  BELLOWS  DIMENSIONS 

P-26 


FIGURE  P-3.  MEAN  OUTSIDE  DIAMETER  STANDARD  DEVIATION  AND  STANDARD 
DEVIATION  OF  THE  MEANS  VS.  OUTSIDE  DIAMETER  -  FORMED 
BELLOWS 


FIGURE  P-4.  MEAN  INSIDE  DIAMETER  STANDARD  DEVIATION  AND  STANDARD 
DEVIATION  OF  THE  MEANS  VS.  INSIDE  DIAMETER  -  FORMED 
BELLOWS 
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7*  Mean  Outer  Torus  Radius  Standard  Dev- 

Mean  Pitch  Standard  Deviation  or  Standard' Deviation  of  the  Means,in.  iotion  or  Standard  Deviation  of  the  Mean$,in 


MEAN  OUTER  TORUS  RADIUS  STANDARD  DEVIATION  AND 
STANDARD  DEVIATION  OF  THE  MEANS  VS.  OUTER 
TORUS  RADIUS  -  FORMED  BELLOWS 


Pitch  -Grand  Mean, in. 

FIGURE  P-6.  MEAN  PITCH  STANDARD  DEVIATION  AND  STANDARD 
DEVIATION  OF  THE  MEANS  VS.  PITCH  -  FORMED 
BELLOWS 
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FIGURE  P-8.  DIMENSIONS  OF  DIAPHRAGMS 
(Refer  to  Table  P-13) 
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FICURE  P-U.  CROSS  SECTION  OF  4-INCH  TYPE  S47  STAINLESS  STEEL  DIAPHRAGM  JDISl 


275X 


Glyceregia 


8B676 


FIGURE  P-  19.  OUTER- DIAMETER  WELD  BEAD  IN  3- INCH  AM-350 
WELDED  BELLOWS  JD159 
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FIGURE  P-20.  HARDNESS  TRAVERSES  OF  CONVOLUTION 
WELDS  IN  WELDED  BELLOWS 


500X  (a)  As  Polished  1C308 


50 OX  (b)  Aqua  Regia  1C309 


FIGURE  P-21.  CROSS  SECTION  OF  FATAL  FATIGUE  FRACTURE  IN 
TYPE  321  STAINLESS  STEEL  FORMED  BELLOWS 
JD30  -  ROOT  OF  SEVENTH  CONVOLUTION 
P-36 


500X 


(a)  As  Polished 


1C310 


500X 


(b)  Aqua  Regia 


1C311 


FIGURE  P-22.  CROSS  SECTION  OF  NONFATAL  FATIGUE  CRACK  IN 
TYPE  321  STAINLESS  STEEL  FORMED  BELLOWS 
JD30  -  ROOT  OF  SIXTH  CONVOLUTION 


FIGURE  P-25.  PHOTOMICROGRAPH  OF  FATIGUE  FRACTURE  SURFACE  OF  I  -1/2 
INCH  TYPE  347  STAINLESS  STEEL  WELDED  BELLOWS  JD145 


FIGURE  P-26.  ELECTRON  MICROGRAPH  OF  FRACTURE  SURFACE  OF  FIGURE  P-27.  ELECTRON  MICROGRAPH  OF  FRACTURE  SURFACE  OF 

1-1/2-INCH  TYPE  347  WELDED  BELLOWS  JD148,  1-1/2-INCH  TYPE  347  WELDED  BELLOWS  JD148, 

SHOWING  FATIGUE  SHOWING  SHEAR 


290X 


(a)  Aqua  Regia  -  Convolution  Portion 


1C412 


?'H)X  (b)  Aqua  Regia  -  End  Fitting  Portion  1C411 


FIGURE  P-2H.  CROSS  SECTION  THROUGH  FATIGUE  FRACTURE  IN 
HEAT-AFFECTED  ZONE  OF  END  FITTING  WELD 
IN  AM-  5S0  WELDED  BELLOWS  JD160 
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Aqua  Regia 


FIGURE  P-30.  CROSS  SECTION  THROUGH  FATIGUE  FRACTURE  IN  INNER  WELD 
IN  TYPE  347'STAINLESS  STEEL  DIAPHRAGM  JD181 
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APPENDIX  Q 


TEST  EQUIPMENT  AND  PROCEDURES 


APPENDIX  Q 


TEST  EQUIPMENT  AND  PROCEDURES 


This  appendix  describes  the  equipment  and  procedures  used  for  a  series  of  tests 
conducted  with  representative  bellows  and  diaphragms  to  verify  the  accuracy  of  the  com¬ 
puterized  stress-analysis  procedure  and  to  investigate  the  applicability  of  selected 
performance-analysis  procedures.  Other  equipment  and  techniques  utilized  during  dif¬ 
ferent  types  of  investigations  are  described  in  those  report  sections  concerned  with  those 
investigations. 

Table  Q-  1  shows  the  representative  bellows  and  diaphragms  that  were  tested 
(these  items  are  described  in  some  detail  in  Appendix  P).  Three  basic  types  of  tests 
were  conducted:  (1)  deflection- pre s sure,  (2)  vibration,  and  (3)  fatigue. 


Deflection- Pressure  Evaluation 


The  primary  purpose  of  the  pressure-deflection  tests  was  to  verify  the  accuracy 
of  the  computerized  stress- analysis  program  for  predicting  elastic  stresses  and  strains 
in  metallic  bellows  and  diaphragms.  Because  the  analysis  program  predicts  the  stress¬ 
es  due  to  deflection  and  pressure  separately,  and  assumes  they  can  be  combined 
algebraically,  representative  strain-gaged  specimens  were  operated  under  three  condi¬ 
tions:  (1)  axial  deflection  without  pressure,  (2)  pressure  without  deflection,  and  (3) 
combined  axial  deflection  and  pressure.  [Since  angular  deflection  and  offset  modes  of 
performance  could  be  estimated  by  calculating  an  equivalent  axial  deflection,  tests  of 
rotational  and  offset  (lateral)  displacement  were  not  conducted.] 

The  equipment  and  techniques  used  for  the  pressure-deflection  tests  are  described 
in  two  categories:  (1)  those  related  to  the  measurement  of  deflection,  pressure,  and 
axial  force,  and  (2)  those  related  to  the  measurement  of  strain.  Because  the  location  of 
the  strain  gages  on  the  specimens  was  a  critical  factor  in  the  tests,  the  decisions  relat¬ 
ing  to  the  strain- gage  locations  are  included  in  the  second  category. 


Measurements  of  Deflection,  Pressure, 
and  Axial  Force 

The  tests  were  conducted  in  an  Instron  universal  testing  machine.  Deflections 
were  measured  to  within  ±0.  0005  inch,  and  axial  force  was  measured  to  within  ±0.  10 
pound.  The  bellows  were  pressurized  with  helium  from  a  tank  of  helium,  and  pressures 
were  maintained  within  ±  1  percent.  The  4-inch  diaphragm  was  pressurized  by  a  column 
of  mercury,  and  pressures  were  maintained  within  ±  1  percent. 


Fixtures.  It  was  necessary  to  design  and  fabricate  fixtures  for  operation  with  the 
Ip3tron  machine.  Figure  Q- 1  shows  the  major  components  of  the  fixtures.  An  aluminum 
adapter  base  plate  was  fastened  to  the  lower,  movable  crosshead  of  the  Instron  machine. 
For  internal  pressure  (the  dashed  bellows  shown  in  Figure  Q-l),  one  flange  of  the  test 
bellows  or  the  outside  diameter  of  the  diaphragm  was  clamped  to  the  base  plate  against 
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an  O- ring  seal.  The  other  flange  of  the  bellows  or  the  center  of  the  diaphragm  was 
attached  to  a  rod  fastened  to  an  extension- compression  load  cell  mounted  in  the  upper 
crosshead.  The  tests  of  deflection  without  pressure  were  conducted  by  raising  and 
lowering  the  lower  crosshead  in  predetermined  increments.  Readings  were  taken  at 
each  deflection  increment. 

For  bellows  tests  with  internal  pressure,  helium  was  introduced  through  the  base 
plate  to  the  inside  of  the  bellows.  The  tests  of  pressure  without  deflection  were  con¬ 
ducted  by  maintaining  the  null  position  of  the  lower  crosshead  and  raising  and  lowering 
the  pressure  of  the  gas  in  increments  by  hand-operated  control  valves.  For  the  tests 
of  pressure  with  deflection,  the  lower  crosshead  was  positioned  at  increments  of  com¬ 
pression  and  extension  and  the  gas  pressure  was  varied  in  increments.  The  diaphragm 
was  pressurized  by  varying  the  height  of  a  column  of  mercury  contained  in  a  manometer 
tube. 


For  bellows  tests  with  external  pressure,  each  bellows  was  surrounded  by  the 
metal  cylinder  shown  in  Figure 'Q-i,  and  pressurized  gas  was  introduced  to  the  volume 
surrounding  the  bellows.  Tests  similar  to  those  with  internal  pressure  were  conducted 
with  incremental  variations  in  gas  pressure  and  bellows  deflection.  By  using  a  low- 
speed  drive  to  rotate  the  force- rod  sleeve  bearing,  the  force*  needed  to  extend  or  com¬ 
press  the  bellows  under  external  pressure  was  more  accurately  measured  than  would 
have  been  possible  with  other  types  of  bearings.  This  action  was  similar  to  the  reduc¬ 
tion  of  friction  in  hydraulic  spool  valves  through  rotation  or  dithering  of  the  valve  spool. 
Since  it  was  not  possible  to  pressurize  the  other  side  of  the  diaphragm  because  of 
strain-gage  wires,  "external"  pressure  tests  were  not  conducted  with  the  diaphragm. 


Procedures.  Because  of  the  importance  of  obtaining  representative  strain-gage 
readings,  the  procedures  used  to  deflect  and  pressurize  the  bellows  were  selected  to 
minimize  the  effects  of  residual  stress  and  hysteresis.  For  all  individual  and  combined 
loadings,  the  stresses  were  kept  within  the  elastic  limit  of  the  material.  (Subsequently, 
as  described  in  Appendix  L,  tests  were  conducted  with  some  of  the  bellows  to  determine 
the  strain  distributions  when  the  loadings  were  high  enough  to  create  partially  plastic 
strains. ) 

To  obtain  strains  due  to  deflection,  a  reading  was  first  obtained  at  zero  deflec¬ 
tion,  The  specimen  was  then  deflected  in  one  direction  to  a  maximum  value  with  an 
intermediate  reading.  The  specimen  was  then  returned  to  the  intermediate  position, 
and  then  back  to  zero  deflection.  This  process  was  repeated  with  deflection  in  the  other 
direction  to  obtain  a  complete  deflection  cycle.  Thus,  for  each  deflection  cycle,  three 
readings  were  obtained  at  zero  deflection,  two  readings  wrere  obtained  at  each  inter¬ 
mediate  position  (one  ascending  and  one  descending),  and  one  reading  was  obtained  at 
each  position  of  maximum  deflection.  Five  such  deflection  cycles  were  conducted  for 
each  specimen. 

To  obtain  strains  due  to  pressure,  readings  were  first  obtained  at  zero  pressure. 
Then  the  pressure  was  increased  in  10-psi  increments  to  a  maximum  value  which  kept 
all  strains  within  the  elastic  limit.  The  pressure  was  then  decreased  in  10-psi  incre¬ 
ments  to  zero  pressure  to  complete  a  pressure  cycle.  For  each  pressure  cycle,  there¬ 
fore,  two  readings  were  obtained  at  zero  pressure  and  at  each  10-psi  increment  (one 
ascending  reading  and  one  descending  reading),  and  one  reading  was  obtained  at  the 
maximum  pressure.  At  least  three  pressure  cycles  were  conducted  for  each  specimen. 
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To  obtain  strains  due  to  deflection  and  pressure,  the  same  deflection-cycle  proce¬ 
dure  was  followed  as  described  above.  In  addition,  at  each  deflection  increment  the 
pressure  was  increased  and  decreased  in  10-psi  increments  as  described  above.  The* 
maximum  pressure  for  the  combined  loading  was  reduced. from  that  used  for  the 
pressure-only  tests  in  order  to  keep  the  combined  strains  within  the  elastic  range. 

Only  two  deflection  cycles  were  conducted  for  the  combined  loading  condition  because 
of  the  large  number  of  readings  required,  arid  because  the  specimens  had  experienced' 
considerable  "settling  iri"  during  the  individual  loading  tests. 

Tests  conducted  for  external  pressure  were  identical  to  those  for  iriternal  pres¬ 
sure.  However,  because  the  strain  readings  were  generally  similar  for  both  types  of 
pressure,  and  because  the  strain-gage  wires  required  special  attachments  for  the 
fixture  used  for  external  pressure,  only  two  representative  gages  (one  meridional  and 
one.  circumferential)  were  read  during  the  tests  with  external  pressure. 


Measurements  of  Strain 


Several  methods  were  considered  for  measuring  strains  occurring  in  the  bellows 
and  diaphragms.  Since  the  stresses  in  each  specimen  were  to  be  analyzed  by  the  com¬ 
puter  program  as  part  of  the  analysis  procedure,  it  was  decided  that  the  best  approach 
would  be  to  use  very  small  strain  gages  positioned  at  predetermined,  high- strain  loca¬ 
tions.  Because  of  the  high  cost  of  buying  and  installing  small  strain  gages,  the  loca¬ 
tions  of  the  gages  were  carefully  selected  to  minimize  the  number  of  gages  required. 

The  gages  selected  were  1/64- inch- long  foil  gages  manufactured  by  Micro 
Measurements,  Inc.  Gages  No.  EA- 09- 015-DJ- 120  were  used  to  measure  meridional 
strains,  and  Gages  No.  EA-09-015-EH- 120  were  used  to  measure  circumferential 
strains.  Strain  readings  were  made  with  a  Baldwin  Lima  Hamilton  SR  4  Strain  Indicator 
Type  N.  Dummy  gages  were  used  for  temperature  compensation,  and-the  readings  were 
made  using  a  bank  of  switches  to  connect  each  gage  in  turn  (at  each  deflection  and/or 
pressure  increment)  to  the  strain  indicator.  The  readings  were  made  to  the  nearest  5 
microinches.  Figure  Q-2  shows  a  pair  of  gages  attached  to  a  diaphragm  convolution. 


Location  of  Strain  Gages  on  Formed  Bellows.  Each  formed-bellows  specimen 
contained  several  convolutions.  The  number  of  convolutions  was  established  by  each 
manufacturer  on.  the  basis  of  the  general  size,  material,  and  operating  conditions 
specified  by  Battelle's  purchase  order.  The  number  of  convolutions  ranged  from  8  (for 
the  1-inch  stainless  steel  bellows)  to  16  (for  the  3-inch  Inconel  718  bellows). 

The  selection  of  strain-gage  locations  was  based  on  two  factors:  (1)  the  theoreti¬ 
cal  stress  analysis  was  reasonably  accurate,  and  (2)  the  stresses  were  not  expected  to 
vary  greatly  from  convolution  to  convolution.  With  these  assumptions,  the  strain  gages 
were  placed  (1)  at  the  most  convenient,  high- strain  locations,  (2)  at  locations  which 
would  detect  any  gross  lack  of  deflection  symmetry,  and  (3)  at  locations  which  would 
serve  as  checks  on  other  strain  gages. 

A  "middle"  convolution  was  selected  for  each  bellows  as  the  primary  convolution. 
Because  the  theoretical  calculations  showed  that  the  meridional  stresses  at  the  convolu¬ 
tion  roots  and  crowns  were  the  largest  type  of  stresses  in  each  bellows,  and  because  the 
convolution  crown  was  the  most  convenient  location,  three  meridional  gages  were  placed 
on  the  "middle"  convolution  crown,  90,  180,  and  270  degrees  from  the  longitudinal  weld. 
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Although  the  weld  was  avoided  because  of  the  difficulty  of  obtaining  valid  strain  readings 
in  the  weld  area,  the  three  gages  were  expected  to  reveal  any  adverse  effect  on  deflec¬ 
tion  symmetry  caused  by  the  weld. 

One  circumferential  gage  was  paired  with  each  of  the  meridional  gages  placed  90 
and  270  degrees  from  the  weld  on  the  middle  convolution  because  these  were  selected  as 
the  strain  locations  of  primary  interest,  and  biaxial  strain  readings  were  required  to 
permit  the  calculation  of  the  biaxial  stresses.  In  addition,  one  meridional  gage  was 
placed  on  the  crown  of  the  second  convolution  from  each  end,  180  degrees  from  the  weld. 
These  gages  were  expected  to  reveal  any  significant  stress  variation  occurring  hear  the 
ends  of  the  bellows  through  comparison  with  the  gages  on  the  middle  convolution; 

Finally,  two  meridional  gages  were  placed  180  degrees  from  the  weld  on  the  inside 
of  the  root  of  two  convolutions:  the  middle  convolution,  and  the  second  convolution  from 
the  flanged  end.  These  gages  were  essentially  opposite  two  of  the  meridional  gages  on 
the  convolution  crowns.  No  circumferential  gages  were  used  at  the  convolution  roots 
because  of  the  difficulty  of  placing  the  gages  on  the  inside  diameter  of  the  bellows.  In 
the  case  of  one  bellows  ( 1- inch  Inconel  718),  no  meridional  gages  were  used  on  the  con¬ 
volution  roots  because  of  the  difficulty  of  installing  the  gages. 

Figures  E-21  (Appendix  E)  and  F- 7  (Appendix  F)  show  the  locations  of  the  seven 
meridional  and  two  circumferential  strain  gages  on  developed  views  of  the  2- inch  and 
1-inch  stainless  steel  bellows,  respectively. 


Location  of  Strain  Gages  on  Welded  Bellows.  Calculations  showed  that  the  maxi¬ 
mum  deflection  and  pressure  stresses  in  most  of  the  welded  bellows  occurred  at  the 
weld  beads.  It  was  not  possible  to  place  straimgages  at  those  locations  because  of  the 
small  radii  of  the  weld  beads.  Therefore,  a  location  was  sought  which  would  provide 
reasonably  high  strains  and  permit  the  use  of  good  gage- installation  techniques.  The 
only  satisfactory  location  was  the.  flat  portion  adjacent  to  the  crown  weld  bead.  This 
area,  which  is  clamped  by  the  chill  blocks  during  the  welding  operation,  was  approxi¬ 
mately  0.  060  inch  wide  on  the  3-  1/2-inch  welded  bellows  and  approximately  0.  040  inch 
wide  on  the  l-l/2-ihch  welded  bellows.  It  was  estimated  that  the  bellows  convolutions 
could  be  separated  sufficiently  for  meridional  and  circumferential  gages  to  be  installed 
properly. 

The  gages  were  placed  generally  in  the  middle  of  the  flat  width  to  avoid  the 
heat- affected  zone  near  the  weld  bead  on  the  outside,  and  to  avoid  the  radius  of  the  first 
convolution  on  the  inside.  In  each  pair  of  diaphragms  joined  by  a  weld  bead,  the  first 
convolution  bent  toward' the  flat  in  one  diaphragm  and  away  from  the  flat  in  the  other 
diaphragm.  The  strain  gages  were  mounted  on  that  diaphragm  in  which  the  first  con¬ 
volution  radius  bent  away  from  the  mounting  surface,  because  the  gages  could  be  more 
easily  held  in  place  on  this  flat.  Gages  could  not  be  installed  on  the  flats  near  the  root 
weld  beads  because  the  working  space  on  the  inside  diameter  of  the  bellows  was  too 
small  to  permit  separation  of  the  convolutions  and  attachment  of  the  strain  gages. 

Two  pairs  of  gages  were  placed  180  degrees  apart  on  the  appropriate  flat  of  the 
middle  convolution.  Because  all  the  welded  bellows  were  ordered  with  eight  convolu¬ 
tions  to  keep  the  cost  of  the  specimens  to  a  minimum,  the  middle  convolution  for  the 
welded  bellows  was  selected  as  the  fourth  convolution  from  the  flanged  end.  [Figure 
H-15  (Appendix  H)  shows  the  strain-gage  locations  selected  for  the  3-1/2-inch  stainless 
steel  welded  bellows,]  Because  the  strain  increased  to  a  maximum  at  the  weld  bead,  it 
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was  necessary  to  measure  the  distance  from  the  center  of  each  gage  to  the  edge  of  the 
weld  bead.  Thi3  was  done  with  a  calibrated  microscope^  with  calculations  to  allow  for 
the  angle  of  observation. 

Although  primary  reliance  was  placed  on  the  four  gages  placed  on  the  middle  conr 
volution,  two  other  pairs  of  gages  were  placed  on  the  appropriate  flat  of  the  seventh 
convolution  from  the  flanged  end.  These  gages  were  used  to  determine  whether  deflec¬ 
tion  symmetry  was  maintained  in  the  bellows. 


Location  of  Strain  Gages  on  the  4- Inch  Diaphragm.  It  was  decided  that  the  4-inch 
diaphragm  should  be  highly  strain  gaged  for  two  reasons:  (  !)  it  was  not  possible  to 
place  a  sufficient  number  of  strain  gages  on  the  welded-bellows  convolutions  to  check  the 
accuracy  of  .the  analysis  for  various  locations  in  the  welded-bellows  diaphragms,  even 
though  the  comparison  of  the  experimentally  determined  and  theoretically  determined 
spring  rates  of  the  bellows  offered  a  good  overall  check  of  the  accuracy  of  the  analysis, 
and  (2)  the  4- inch,  diaphragm  offered  an  ideal  opportunity  to  compare  any  geometrically 
nonlinear  behavior  of  the  diaphragm  with  the  nonlinear  analysis  calculations. 

Preliminary  theoretical  stress  calculations  showed  that  the  maximum  surface 
strains  would  occur  at  the  roots  and  crowns  of  some  of  the  convolutions  and  on  the  flat 
near  the  outside  diameter,  as  described  in  Appendix  I,  Twenty-two  strain  gages  were 
placed  on  one  side  of  the  diaphragm  at  these  locations.  The  gages  were  located  gener¬ 
ally  on  three  radial  lines  spaced  at  120-degree  intervals.  On  the  main  radial  line,  nine 
pairs  of  meridional  and  circumferential  strain  gages  yrere  placed  on  each  root  and^crown 
of  the  convolutions.  To  check  on  the  uniformity  of  response  around  the  circumference, 
two  meridional  gages  were  installed  on  two  crowns  on  the  two  other  radial  lines. 

Although  the  gages  were  placed  carefully  on  the  convolution  roots  and  crowns,  a  cali¬ 
brated  microscope  was  used  to  measure  the  distance  from  the  center  of  the  diaphragm 
to  the  center  of  each  gage  as  a  check  on  the  location  of  the  gages. 


Calculation  of  Experimentally  Determined  Stresses.  To  calculate  experimentally 
determined  stresses,  it  was  necessary  to:  (1)  select  representative  strain  gages,  and 
(2)  calculate  the  biaxial  stresses  from  the  strain  readings.  For  the  formed  bellows,  the 
readings  of  two  pairs  of  gages  placed  180  degrees  apart  on  the  middle  convolution  were 
averaged,  and  the  readings  of  the  gage  on  the  root  of  the  middle  convolution  were  used. 
Because  no  circumferential  gage  was  placed  on  the  convolution  root  and  because  a  cir¬ 
cumferential  strain  value  was  needed  to  calculate  the  biaxial  stresses  (see  below),  an 
experimental  circumferential  strain  was  determined  by  assuming  that  the  ratio  of  the 
experimental  stresses  was  the  same  as  the  ratio  of  the  theoretical  stresses  at  the  con¬ 
volution  root.  For  the  welded  bellows,  both  the  readings  of  the  two  pairs  of  gages  on 
the  middle  convolution  and  the  distances  of  the  meridional  gages  from  the  weld  bead 
were  averaged.  Because  the  circumferential  stresses  were  smaller  and  the  circum¬ 
ferential  stress  gradient  was  smaller  than  for  the  meridional  stresses,  the  distances 
from  the  circumferential  gages  were  selected  as  being  the  same  as  the  distances  from 
the  meridional  gages.  This  made  it  possible  to  obtain  meridional  and  circumferential 
strain  values  at  one  location. 

• 

The  equations  used  to  calculate  biaxial  stresses  from  measured  strains  are: 
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and 


where 
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Sj  a  stress  indirectionof  Cj.,  psi 
®  stress  in  direction  of  €2*  psi 
6j  =  strain,  in.  /in. 

«2  *  strain,  in.  /in. 

E  a  modulus  Of  elasticity  (29  x  10^  psi. for  stainless  steel) 
p  a  Poisson's  ratio  (0.3  for  stainless  steel). 


(1) 


(2) 


The  problems  of  interpretation  and  approximation  were  minimized  by  using  strains 
to  the  nearest  microinch,  and  by  making  the  stress  calculations  to  the  nearest  psi.  To 
calculate  representative  stresses,  it  was  necessary  to  select  representative  deflection 
strain  readings  and  representative  pressure  strain  readings  from  among  the  readings 
obtained  from  the  selected  gages.  For  both  types  of  strains,  values  were  used  from 
tests  that  did  not  combine  deflection  and  pressure.  Average  values  were  obtained  by 
averaging  the  readings  of  the  different  cycles  as  shown  in  Appendixes  E  and  F.  (The 
validity  of  adding  the  strains  algebraically  was  checked  by  adding  the  individual  strains 
and  comparing  them  with  the  strains  of  the  various  combined  tests.  ) 


Comparison  of  Experimentally  Determined  Stresses  and 
Strains  With  Theoretically  Predicted  Stresses  and, Strains 

When  the  strains  being  measured  are  the  result  of  bending  stresses,  and  when  the 
distance  to  the  neutral  axis  is  small,  as  it  was  with  the  bellows  and  diaphragm  material, 
the  strain  being  measured  by  the  gage  is  greater  than  the  strain  at  the  surface  of  the 
metal.  The  difference  is  in  proportion  to  the  respective  distance  of  the  metallic  surface  . 
and  the  center  of  the  gage  foil  from  the  neutral  axis.  Thus,  to  compare  the  experiment¬ 
ally  determined  strains  with  the  theoretically  predicted  strains,  it  was  necessary  either 
to  increase  the  theoretical  values,  or  to  decrease  the  experimental  values,  It  was 
decided,  because  the  membrane  strains  and  the  bending  strains  were  calculated  inde¬ 
pendently  by  the  computer  program,  that  the  comparison  would  be  made  more  easily  if 
the  theoretical  calculations  were  increased  for  comparison  with  the  gage  readings. 

The  deflection  and  pressure  strains  in  bellows  and  diaphragms  are  the  result  of 
both  membrane  and  bending  strains.  The  membrane  strains  are  constant  across  the 
entire  metal  thickness,  and  the  strain  gages  were  expected  to  measure  the  membrane 
strains  accurately.  However,  since  the  bending  strains  increase  in  proportion  to  the 
distance  from  the  neutral  axis,  the  theoretical  bending  strains  calculated  for  the  surface 
of  the  metal  had  to  be  increased  to  reflect  the  thickness  of  the  strain  gages.  The 
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theoretical  membrane  strains  were  then  added  to  the  corrected  theoretical  bending 
strains  to  calculate  the  "theoretical"  strains  at  the  axis  of  the  strain- gage  foil. 

To  deteriuine  the  amount  of  correction  necessary,  the  neutral  axis  for  the  bending 
strains  in  each  specimen  was  selected  as  being  at  the  middle  of  the  metal  thickness.  A 
typical  gage  was  mounted  on  a  metal  specimen  and  cross  sectioned.  Careful  measure¬ 
ments  showed  that  the  middle  of  the  foil  was  0.  00135  inch  from  the  metal  surface.  This 
dimension  was  added  to  the  distance  from  the  neutral  axis  (half  the  measured  bellows 
wall  thickness),  and  the  theoretical  bending  strain  was  multiplied  by  the  ratio: 

distance  from  neutral  surface  to  strain-gage  foil* 
distance  from  neutral  surface  to  metal  surface 

Because  of  the  biaxial  nature  of  the  strains,  it  was  believed  that  a  comparison  of 
the  experimentally  determined  strains  with  the  theoretically  predicted  strains  was  not 
sufficient  to  give  a  dear  understanding  of  the  verification  of  the  theory.  Therefore, 
stresses  were  calculated  from  the  modified  theoretical  strains,  and  these  modified 
theoretically  predicted  stresses  were  compared  with  stresses  calculated  from  the  exper¬ 
imentally  determined  strains. 


Vibration  Evaluation 


It  was  estimated  that  formulas  from  the  state  of  the  art  would  be  adequate  for 
predicting  the  longitudinal  or  accordion  vibration  mode  and  the  transverse  or  beam 
vibration  mode  of  formed  and  welded  bellows  for  aerospace  components.  The  applica¬ 
bility  of  these  formulas  was  evaluated  through  a  theoretical  and  experimental  vibration 
analysis  of  each  of  the  selected  bellows  types. 

Figure  Q-3  shows  the  design  of  the  fixture  for  evaluating  bellows  under  longitudi¬ 
nal  and  transverse  vibration  modes.  For  longitudinal  vibration,  the  end  fittings  of  the 
bellows  were  rigidly  positioned  from  a  base  plate.  Although  one  base  plate  served  for 
all  bellows  sizes,  separate  shafts  and  cylindrical  stiffeners  were  required  for  each  of 
the  bellows  sizes  and  lengths.  For  transverse  vibration  testing,  the  longitudinal  vibra¬ 
tion  fixture  was  turned  90  degrees  and  fastened  to  an  Lt shaped  bracket.  One  L- shaped 
bracket  was  satisfactory  for  all  bellows  sizes.  This  arrangement  minimized  the  cost  of 
the  fixture,  and  simplified  the  mounting  of  the  specimens  for  test.  The  fixture  was 
designed  for  use  with  a  Caladyne  Model  174, 

Each  bellows  was  subjected  to  accordion  and  lateral-mode  frequency  scans  from 
100  cps  to  10,000  cps  to  determine  resonant  frequencies.  Since  some  indications  of 
resonance  by  the  acceleration  meter  on  the  shaker  console  were  produced  because  of 
fixture  vibration,  each  indicated  resonant  period  was  checked  by  means  of  stroboscopic 
observation  to  verify  that  the  resonant  behavior  was  associated  with  the  bellows  and  not 
the  fixture.  In  some  cases  the  amplitude  of  lateral  response  was  so  slight  that  accelera¬ 
tion  indications  of  resonance  were  meaningless  and  a  touch- sensing  approach  was  used 
to  detect  the  resonant  periods. 


•As  described  in  Appendix  L,  it  was  occasionally  necessary  to  estimate  the  strains  at  the  metal  surface  from  the  experimentally 
determined  strains.  The  reciprocal  of  this  ratio  was  used  to  make  this  calculation,  even  though  the  answer  was  not  accurate 
because  of  the  inclusion  of  membrane  strain  in  the  measured  value.  However,  the  membrane  strain  was  usually  small  compared 
to  the  bending  strain,  so  the  ettor  in  the  correction  was  usually  small. 
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An  auxiliary  test  was  conducted  with  the  5-inch  formed  bellows  to  confirm  the 
results  of  the  lateral- shake  tests  to  determine  the  effect  (if  any)  of  fixture  configuration 
on  bellows  response.  The  test  procedure  consisted  of  mounting  the  bellows  in  a  fixture 
with  the  axis  horizontal,  adhesively  mounting  a  ferrous  object  to  the  outer  edge  of  the 
center  convolution,  and  then  striking  the  center  of  the  bellows  span  with  a  plastic  mallet. 
Oscillation  of  the  bellows  and  ferrous  target  was  sensed  by  means  of  a  stationary  mag¬ 
netic  pickup  and  taped  by  a  recording  oscillograph.  Analysis  of  the  recorded  traces 
showed  that  the  bellows  response  was  identical  with  that  obtained  in  the  Caladyne 
machine. 


Fatigue  Evaluation 


The  requirements  of  the  fatigue  evaluation  are  described  in  detail  in  Appendixes 
K,  L,  and  M.  Figure  Q-4  shows  a  layout  of  the  machine  that  was  designed  and  fabri¬ 
cated  for  the  fatigue  tests.  Three  bellows  sizes  (5-,  3-,  and  l^inch  diameter)  are  shown 
in  the  two  views  to  depict  the  types  of  fixtures  and  special  features  required  for  mount¬ 
ing  different  specimen  sizes.  Figures  Q-5  and  Q-6  show  the  completed  machine.  A 
5- inch  bellows  is  shown  mounted  on  the  machine.  Two  specimens  of  equal  size  were 
usually  mounted  on  the  machine  during  test  operation. 

The  fixture  mounting  surface,,  fulcrum- pin- support  assembly,  and  rocker  beam, 
together  with  the  connecting  rods,  fulcrum  pin,  wrist  pins,  and  bearings,  were  a  self- 
contained  assembly  and  were  designed  to  operate  with  minimum  structural  deflection. 

The  major  portion  of  the  forces  generated  in  deflecting  the  test  specimens  was  con¬ 
tained  within  this  assembly.  A  mounting  frame  constructed  from  a  weldment  of  steel 
angle  and  channel  supported  this  assembly.  Also  mounted  on  the  frame  were  a  , motor 
and  speed- reduction  unit,,  which  provided  the  reciprocating  motion  for  the  rocker  beam. 

A  motor- mounted  variable- speed;  pulley  drove  through  a  fixed- reduction  gear  box  to 
provide  a  variation  in  specimen  deflection  rate.  Because  the  machine  was  to  be  operated 
for  approximately  5000  hours,  provisions  were  made  for  easy  adjustment  and  replace¬ 
ment  of  critical  parts  such  as  bearings  and  pins.  Standard  parts  were  used  wherever 
possible  to  reduce  the  initial  cost  of  the  machine  and  the  cost  of  machine  maintenance. 

The  large  bellows  were  tested  at  60  cycles  per  minute,  while  the  small  bellows 
were  tested  at  rates  up  to  120  cycles  per  minute.  The  rates  were  selected  sufficiently 
low  that  no  dynamic  amplifications  were  created  in  the  bellows. 

Changes  in  amplitude  of  specimen  deflection  were  accomplished  through  a  micro¬ 
meter  adjustment  incorporated  in  the  adjustable  throw- crank  arm.  The  basic  design  of 
the  machine  assured  that  each  of  the  two  specimens  under  test  received  the  same 
extremes  of  deflection  and  stress.  Compensation  for  manufacturing  variations  in  bel¬ 
lows  height  were  accomplished  within  ±0.  005  inch  through  the  use  of  spacers  for  adjust¬ 
ing  the  length  of  the  bellows  actuator  rod.  With  careful  use  of  height  gages  and  dial 
indicators,  the  bellows  deflections  were  maintained  within  ±0.  001  inch  of  the  desired 
amount, 

A  leak- detection  system  was  used  which  permitted  the  machine  to  be  left  in  opera¬ 
tion  without  attendance.  A  schematic  drawing  of  the  system  is  shown  in  Figure  Q-7j  and 
the  installed  system  can  be  seen  in  Figures  Q-5  and  Q-6,  The  system  included  a  source 
of  pressurized  gas  which  was  used  to  pressurize  the  inside  of  the  bellows.  When  a 
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bellows  developed  a  leak  during  the  fatigue  test  and  gas  leaked  into  the  volume  between 
the  outside  of  the  bellows  and  the  inside  of  the  bell  jars,  the  pressure  in  this  volume 
increased  and  an  adjustable  pressure  switch  was  actuated. 

With  the  actuation  of  the  pressure  switch,  the  motor  on  the  fatigue  machine  was 
shut  off,  and  two  solenoid  valves  were  actuated.  One  valve  shut  off  the  system  from  the 
'  source  of  pressurized  air.  The  second  valve  opened  the  inside  volume  of'the  bellows  to 
atmospheric  pressure  so  the  pressure  in  the  bell  jars  could  not  build  up  because  of  the 
leak  in  the  bellows.  A  test  of  the  system  showed  that  a  helium  leak  of  approximately 
1  x  10" 2  atm  cc/aec  actuated  the  pressure  switch  in  approximately  4  minutes  with  the 
switch  adjusted  for  4  ounces  of  pressure.  With  this  setting,  the  machine  would  auto¬ 
matically  stop  the  .test  approximately  240  cycles  (with  a  machine  speed  of  60  rpm)  after 
a  leak  of  this  size  developed  in  one  of  the  bellows. 

When  the  first  of  two  bellows  failed,  a  manometer  was  connected  to  each  bell  jar 
in  turn  (with  the  bellows  pressurized).  Movement  of  the  water  column  indicated  which 
bellows  contained  the  leak.  Soap  solution  was  then  used  to  find  the  location  of  the  leak 
in  the  failed  bellows.  Each  location  was  marked  for  subsequent  examination,  as 
described  in  Appendix  P. 
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TABLE  Q-l.  REPRESENTATIVE  BELLOWS  AND  DIAPHRAGMS 


Configuration 

Material 

Single-Ply  Formed  Bellows 

5-11/16  in.  OD,  5  in.  ID 

3-5/8  in.  OD,  3  in.  ID 

1-5/16  in.  OD,  1  in.  ID 

3-1/2  in.  OD,  3  in.  ID 

1-1/4  in.  OD,  1  in.  ID 

Type  321  stainless  steel 
5type  321  stainless  steel 
Type  321  stainless,  steel 
Inconel  718 

Inconel  718 

Two-Ply  Formed  Bellows 

3-5/8  in.  OD,  3  in.  ID 

1-5/16  in.  OD,  1  in.  ID 

Type  321  stainless  steel 
Type  321  stainless  steel 

Nested-Ripple  Welded  Bellows 

3-1/2  in.  OD,  2.812  ID 

3  in.  OD,  2.838  ID 

1-1/2  in.  OD,  1.055  ID 

1-1/2  in.  OD,  1.060  ID 

Type  347  stainless  steel 
AM-350 

Type  347  stainless  steel 
AM-350 

Convoluted  Diaphragms 

4  in.  OD 

Type  347  stainless  steel 
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FIGURE  Q-3.  FIXTURE  FOR  VIBRATION  EVALUATION  OF  BELLOWS 
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FIGURE  Q- 5.  FRONT  OF  FATIGUE  TEST  MACHINE 
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figure  Q-6.  back  of  fatigue-test  machine 
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